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Abstract

Model predictive control (MPC) for switched reluctance machine (SRM) drives is

studied in this thesis. The objective is to highlight the bene�ts of implementing

MPC to overcome the main drawbacks of SRMs and position them as an attractive

alternative among electrical drives. A comprehensive literature review of MPC for

SRM is presented, detailing its current trends as an application still at an early stage.

The di�erent features of MPC are highlighted and paired with the most challenging

and promising control objectives of SRMs. A vision of future research trends and

applications of MPC-driven SRMs is proposed, thus drawing a road-map of future

projects, barriers to overcome and potential developments. Several important appli-

cations can take advantage of the improved features that SRM can get with MPC,

especially from the possibility of de�ning a uni�ed control technique with the 
exibil-

ity to adapt to di�erent system requirements. The most important cluster for SRM

drives is the high- and ultrahigh-speed operative regions where conventional machines

cannot work e�ciently. SRMs with MPC can complement then the existing demand

for electrical drives with high performance under challenging conditions.

Three techniques based on the �nite control set model predictive control (FCS-

MPC) approach are developed out of the proposed road-map. The �rst one de�nes

a virtual-
ux current tracking technique that improves the existing ones in operating
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at di�erent speeds and more than one quadrant operation. The method is validated

for low- and high- power SRMs in simulations and diverse types of current waveform,

making it easy to adapt to existing current shaping techniques. It is also validated

experimentally for di�erent operating conditions and robustness against parameter

variation. The second technique proposed a predictive torque control that bases its

model on static-maps, thus avoiding complex analytical expressions. It improves its

estimation through a Kalman �lter. The third technique uses a virtual-
ux predictive

torque control, similar to the �rst technique for current tracking. The techniques are

validated at a wide speed range, thus evidencing superiority in performance without

modi�cation on the control structure.
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Chapter 1

Introduction

1.1 Background and Motivation

Electric machines industry constitutes a worldwide electricity consumption of around

60% , with an expected growth in demand up to 30% of the total growth estimated to

2040 [4]. Induction motors ruled the market for several years, given their capability

to o�er high torque with direct three-phase grid connection. However, recent appli-

cations involve the use of high-performance variable speed drives, which pushed the

inclusion of power electronics, microprocessors and advanced control techniques [5].

One of the most recent clusters for innovation is electri�ed vehicles, leading the in-

ternational e�orts to develop a sustainable transportation paradigms [6].

Although, to date, induction machines have been used in counted cases for au-

tomotive applications [7], PMSMs are currently in the center of electric drives for

EVs. High e�ciency and high power density are the main attributes of these motors,

which became required features in electri�ed powertrains given the space and weight

restrictions [5,8]. In particular, interior PMSMs provide additional torque thanks to
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the interaction of their saliency in the reluctance torque and the magnetic torque due

to the permanent magnets. However, the use of permanent magnets is a drawback

for these machines; the magnets are relatively fragile for high-speed and high tem-

perature operations, thus compromising the reliability and robustness of the drive.

Furthermore, economical and political constraints are tied to the use of permanent

magnets, which are fundamentally made from rare-earth materials given the high

dependence of a single government for mass-production [6].

Switched reluctance machines (SRM) have recently got more attention with the

e�orts of moving towards a magnet-free motor technology. Their structure has a

simple, low-cost and robust design allowing a more reliable high-speed and high-

temperature operation [9]. However, it is still not common to �nd them in practical

scenarios due to their inherent torque ripple, vibrations and acoustic noise. These

issues are particularly problematic in automotive applications such as the traction in

passenger vehicles, as very strict NVH regulations must be accomplished [2].

Numerous approaches to improve the SRM performance targeting torque ripple

and acoustic noise reduction have been considered. The combination of comprehensive

electromechanical studies, �nite element analysis (FEA) and advanced optimization

techniques such as genetic algorithms has evidenced signi�cant improvements in the

design characteristics of SRM drives [9]. To guarantee the design performance a

proper control must be implemented, but conventional strategies cannot be applied

in SRMs. In fact, the use of the well-known proportional-integral (PI) controller

becomes challenging for these machines due to their highly-nonlinear behaviour [10].

The control passes then to be in the spotlight for research by putting together the

optimal design and the recent development of high-performance power electronics and

2
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better microprocessing capabilities. The simplest control technique is the ITC with

optimum commutation angles, which de�nes a reference current integrated with a

hysteresis current controller [11]. The torque ripple can be minimized by shaping the

phase currents with methods including the torque sharing functions (TSF) [12] and

current pro�ling [13], while other techniques like direct instantaneous torque control

(DITC) attack directly the torque variation by controlling the converter switching

states [14]. Acoustic noise is reduced by controlling the radial force produced in

the machine. Here, current shaping reduces the harmonics in speci�c spatial orders

[3]. With a proper controller, SRM drives have shown an incredible potential for

propulsion, with the possibility to replace PMSMs in terms of developed torque and

outer diameter characteristics [15].

Whether torque or force are controlled, these techniques follow either the indirect

torque control (ITC) structure, de�ning a reference current to be tracked by an inner

loop, or they directly regulate the phase torque by direct torque control (DTC). In

any case, the classic control approach tends to use a pulse width modulation (PWM)

or a hysteresis stage; however, these strategies o�er either a limited dynamic response

or a variable switching frequency with small bandwidth and range of operation [16].

Besides, as the phases in SRMs are independently controlled and the total torque is

obtained from the algebraic sum of individual phase torque contributions, another

challenge appears in deciding the torque sharing between the active phases during

the phase commutation [17]. These issues are added to the SRMs' doubly salient

pole con�guration and nonlinear 
ux distribution, thus making the control a more

complex task to ful�l.

Predictive control is a control family that has been applied in industry for several
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years in processes with relatively slow time constant [18]. Recently, there has been an

increasing interest for its application in other areas such as power electronics and mo-

tor drives, given the improvement in computational capability and memory storage

of microprocessors [19]. Predictive control constitutes an alternative for conventional

controllers as it can handle nonlinearities. It is recognized asdigital controller friendly,

as it can consider the discrete nature of power converters in the calculation of con-

trol actions [20]. The most appealing features of predictive control are the simplicity

of implementation, 
exibility to consider constraints and e�ectiveness in dynamic

response [21]. Predictive control has been successfully applied to power converters

and AC drives, which include induction [22], permanent magnet (PM) [23] and syn-

chronous reluctance motors [24]. It becomes even more interesting when applied to

higher-complexity systems like multilevel inverters [25] and multi-phase drives [26].

These characteristics are promising strategies to regulate the SRMs steady state

behaviour as well as their transient response. Therefore, SRM drives have recently

become a target application for predictive control, opening a gap with vast potential

for related uses from current and torque control, to acoustic noise and heating. The

vision of future applications places SRMs as a high-performance drive technology

with adaptation to several requirements of the electri�ed automotive sector.

1.2 Contributions

The author has contributed a number of original developments in the areas of control

for switched reluctance machines with model predictive control, which are listed as

follows:
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1. A comprehensive literature review and analysis of predictive control techniques

implemented for switched reluctance machine control.

2. A detailed analysis of the challenges and potential improvements that the pre-

dictive control techniques has on SRM drives.

3. A road-map of future research opportunities using MPC for SRM drives control

to enhance its attractive for commercial applications.

4. The virtual-
ux FCS-MPC method for a simple and e�ective current regulation

in low- and high-power SRM designed for automotive traction applications. The

technique has been validated to work in four-quadrant operation.

5. An improved PTC technique with anonline torque sharing algorithm for SRM.

Unlike several solutions in the literature, the algorithm has been proven to work

on a wide range of speeds without modi�cation of the control structure.

1.3 Thesis Outline

This thesis is aimed to investigate potential of using MPC to control SRM drives, thus

improving their overall performance. Two study-cases are presented to demonstrate

the enhanced performance of SRMs with these techniques.

Chapter 2 introduces the general background of switched reluctance machines

starting from its construction characteristics, pole con�guration and modelling. A

brief review of the power electronic converters used to drive SRMs is also presented.

Besides, the basic concepts behind predictive control, classi�cation and general for-

mulation are discussed.
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Chapter 3 presents the literature review of predictive control for SRMs. It in-

cludes the classi�cation of the di�erent control techniques according to the control

objective mainly as PCC and PTC, but also including a few works on predictive

speed control and overload control. A comprehensive analysis of the di�erent model-

ing techniques, voltage vector calculation, phase torque distribution algorithms and

switching behaviour is also discussed, and suggestion for further improvement of the

existent techniques is concluded.

In Chapter 4, a vision of future research trends and applications of predictive con-

trol for SRM drives is presented. The di�erent control objectives that can be achieved

or improved in SRMs with the use of MPC are described. Also, the challenges that the

use of MPC presents of each of them, as acoustic noise and vibrations, fault-tolerance,

and control at high and ultrahigh-speed are discussed. Some potential commercial

applications for the SRM are also presented, and the approaches to make MPC and

SRM to achieve the demanded targets from the next generation applications.

In Chapter 5, an experimental setup implementation is described. The setup is

intended to test predictive control techniques in SRM drives coupled to a loading

machine. The dyno is selected as a permanent magnet machine, and the correspon-

dent mechanical settings are designed. Moreover, the characteristics of a 5 kW 12/8

SRM are obtained experimentally, which allows using the machine to validate the

techniques proposed in the next chapters.

An example of the possible applications of MPC on SRM is presented in Chapter

6 to regulate phase current. A PCC algorithm based on FCS-MPC and the concept

of virtual-
ux is proposed. The concept of virtual-
ux is discussed along with the

advantages of mapping machine variables in the virtual-
ux domain. The technique

6
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o�ers a simpli�ed and more robust current tracking, which relies on the use of static

maps with the machine characteristics. The technique is also simulated for a 60

kW traction SRMs for automotive applications, �nding out the advantage of such a

technique for machines of higher power.

Chapter 7 presents a second application of MPC with a PTC technique. The latest

is also based on the principle of FCS-MPC, but it implements recent developments of

the predictive control theory such as using �ltering techniques and a static-map-based

model to regulate the torque with the use of virtual-
ux mapping.

Chapter 8 provides the conclusion of the thesis and suggestions for future work.

It also presents a summary of publications and contributions made from this work.
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Chapter 2

Fundamentals of Switched

Reluctance Machines (SRMs) and

Model Predictive Control (MPC)

2.1 Switched Reluctance Machines and Drives

2.1.1 Operating principle and electrical angle

The switched reluctance machine (SRM) is a doubly salient machine with an uneven

distribution of stator/rotor poles. By sequentially energizing the di�erent windings,


ux paths are generated throughout the stator and rotor poles and the air gap. As

a consequence, a magneto-motive force is produced, which makes the poles moving

towards an aligned position. As all the poles cannot be aligned simultaneously, it is

always possible to push an unaligned rotor pole towards the next stator pole. Fig.

2.1 shows the pole con�guration of a four-phase 8/6 SRM, where 8 corresponds to

8
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Figure 2.1: Example of the structural construction of the SRM. A 8/6 SRM with
8 stator poles and 6 rotor poles (a) Rotor unaligned with respect to stator poles of
phaseA (b) Rotor poles aligned with respect stator poles of phaseA

the number of stator poles and 6 the number of rotor poles. In the �gure, phaseA

is energized, and a reference rotor pole, initially unaligned in Fig. 2.1(a) comes in

alignment with the reference stator pole in Fig. 2.1(b).

In SRMs, the electric angle can be represented by� phj , where j = 1; 2; :::; m, and

m is the number of phases. The unaligned position in Fig. 2.1(a) is considered the

initial condition, thus the electric angle of phaseA is � phA = 0°. If the shaft is

required to move in a counterclockwise direction, phaseA must be energized, making

the reference rotor pole move towards an aligned position, as in Fig. 2.1(b) where

� phA = 180°. Then, phaseA must be de-energized, and the next phase should be

energized to guarantee continuous movement. The electrical angle can be represented

mathematically by [9],

� phj = mod
�
(Nr � � r + 180°) +

360
m

kph; 360°
�

; (2.1)

where Nr is the number of rotor poles,� r is the rotor position or mechanical angle,

m is the number of phases andkph represents the phase excitation sequence, which

9
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determines the direction of rotation of the shaft.

2.1.2 Electromagnetic model

The phase voltage equation of the SRM, neglecting mutual coupling between phases,

can be expressed by (2.2),

vph = i phRph +
d� ph

dt
(2.2a)

� phj = L � i phj � L(i phj ; � phj )i phj ; (2.2b)

wherevph, i ph, Rph and � ph are the phase voltage, current, resistance and 
ux linkage,

respectively. The termL is a static map relating the phase current and the produced


ux linkage, which can be represented as the nonlinear inductanceL. A common 
ux

linkage map is shown in Fig.2.2(b) for a 8/6 machine. Fig.2.2(a) illustrates how

the variable reluctance paths allow higher 
ux linkage at the aligned position, and

minimum linkage at unaligned rotor position. From the same �gure, it is possible to

analyze how further increase in the current does not represent signi�cant increase in

the 
ux linkage around rated values, which is given by the saturation phenomenon of

the material.

Combining (2.2a) and (2.2b) results in a current-based representation of the volt-

age equation for SRM shown in (2.3), where the sub-indexphj has been omitted for

the sake of compactness.

v = iR + L(i; � )
di
dt

+ � (2.3a)

� = i � ! �
@L(i; � )

@�
; (2.3b)
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Figure 2.2: Static characteristics of an 8/6 SRM (a) Relative rotor alignments (b)
Flux linkage (c) Electromagnetic torque

where! = d�=dt is the electrical angular velocity of the rotor, and the term� is the

generated back-EMF, which opposes the current injection.

The use of current-based models helps to analyze the back-EMF and phase in-

ductance. Some approaches take advantage of it for a straightforward state-space

representation of the machine model.

The electromagnetic torque is de�ned as the rate of change of the energy stored in

the magnetic circuit with respect to the rotor position for a given phase 
ux linkage [9].

A common approximation considers the use of the magnetic co-energy as,

T =
dWc(i; � )

d�

�
�
�
�
i = const

=
dWe(i; � )

d�

�
�
�
�
� = const

; (2.4)

whereWs =
R�

0 id� is the stored energy in the airgap andWc =
Ri

0 �di is the co-energy.
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Whether energy or co-energy are used to compute the torque, as the 
ux linkage

depends on the rotor position, the �nal torque expression depends on both the phase

current and the electrical angle. This nonlinear behaviour is commonly represented

by a static map, which can be obtained either experimentally or by FEA. It is worth

mentioning that the saturation phenomenon evidenced in the 
ux linkage map in

Fig. 2.2(b) plays a decisive role in terms of torque production. The core saturation

reduces the capability of the magnetic circuit to store energy as a magnetic �eld and

therefore allows a greater energy transfer as electromagnetic torque. Therefore,SRMs

�nd the optimal operating point in the saturation region. Typical torque waveforms

are shown in Fig. 2.2(c). It is worth noticing that the operation between 180° and

360° produces a negative torque, thus making the machine operate as a switched

reluctance generator (SRG). This occurs if the shaft keeps its rotation (by a prime

mover) passed the 180° and the correspondent phase is not deactivated.

Besides, the maximum torque decreases at high speed as the back-EMF from (2.3)

limits the current injection at a given terminal voltage. As a consequence, the torque

vs speed characteristics of SRM presents a natural �eld weakening area. A common

drawback of torque control is the lack of consideration of the limits of each phase in

producing torque, based on the dc link voltage and the actual back-EMF [27].

2.1.3 Power converter

Fig. 2.3(a) shows the topology of am-phase asymmetric half-bridge converter, reg-

ularly used for SRM drives. Each phase has three possible switching states: the one

in Fig. 2.3(b), where the phase voltage is positive and equal tovdc, with sj 1 and

sj 2 (j = active phase). In this state, the injection of phase current is limited by the

12
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Figure 2.3: (a) m-phase asymmetric converter (b) positive terminal voltage (c) zero
terminal voltage (freewheel) (d) negative terminal voltage

inductance and back-EMF terms from (2.3). The freewheeling mode makesv = 0V

while the existing phase current circulates through the diode and the switchsj 2, as

shown in Fig. 2.3(c). Finally, Fig. 2.3(d) shows the state in which negative voltage

v = � vdc is applied to machine terminals, and the phase current is sent back to the

source through the diodes.

The strategy with this converter topology uses the state 1 to increase the current.

Depending on the electric angle, the freewheeling mode can be used to slowly decrease

the current, while the -1 if the current must be quickly reduced. If the three states are

considered, it is said that the converter works in soft-switching (SS) mode, while the

omission of the freewheeling mode is denominated as hard-switching (HS) operation.

Other converter topologies for the SRM drive include (N + 1)-switch, C-dump,

N -switch, split AC and split DC converters, each of them with a trade-o� between

performance, control complexity and the number of switching components. A com-

parison of these converters in presented in [28, 29]. Besides, multilevel topologies

have also been proposed, which potentially improves the performance of the drive at

high-speeds and in machines with low inductance [30,31].

13
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2.1.4 Generalities of control in SRM

Control in SRM drives adopts similar strategies as AC drives. A speed loop can be

easily regulated by a PI controller given the slow dynamics of mechanical systems.

Besides, to track the consequent torque reference, generally two control topologies

are implemented: ITC or DTC. However, these torque tracking controllers are more

elaborated than the conventional ones as in SRM there arem independently controlled

phases contributing to the total torque in a highly nonlinear manner. Beyond the

speed control, in automotive applications, the torque reference is given by the vehicle

operating conditions, and the electric drive must respond to its dynamics in a quick

and reliable way. In addition, the torque regulation must be be guaranteed with

several restrictions such as high e�ciency, low NVH levels and proper power factor.

ITC uses a cascaded control loops, similar to the �eld-oriented control (FOC)

in conventional AC drives. The external loop tracks a reference torque, usually as

a speed regulator, and the inner loop regulates the reference current obtained from

the torque loop. Fig. 2.4(a) represents this control scheme. In DTC instead, the

inner current loop is omitted, and the developed torque is compared directly to the

reference to produce the control action either by hysteresis torque control or by a

PWM stage. Fig. 2.4(b) shows the block diagram of the most common type of DTC

technique in SRM, the direct instantaneous torque control DITC.

Although DITC is the most popular technique for torque control in SRM, ITC-

based techniques have gained relevance given the possibility to pre-de�ne current

shapes that can provide a smooth torque while minimizing secondary objectives such

as losses or acoustic noise. A more detail analysis of these control techniques is

discussed in Chapter 3 of this thesis along with the literature review.
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Figure 2.4: Conventional control schemes for SRM (a) indirect torque control (b)
direct instantaneous torque control

2.2 Predictive Control

Far from being a simple control strategy, predictive control is a whole family of tech-

niques sharing the same operating principle: the control decisions are totally based

on the knowledge of future events, which are predicted using only the information of

the present states. Predictive control has been applied in industry for several years

in processes with a relatively slow time constant [18]. Recently, there has been an in-

creasing interest in its application in other areas such as power electronics and motor

drives, given the improvement in the computational capability of microprocessors [21].

Unlike the conventional regulators where the control action is based on a prede-

�ned feedback law, in predictive control, it is decidedonline and based on a prediction

of the future states. As shown in Fig. 2.5, predictive control uses the prediction of the

future system state to determine, online, the optimal control actionu (k) 2 U � Rm

of the next sampling period. The prediction is computed based on the states of the

plant and its parameters, which improves the response capability of the controller

but increases the computation complexity; therefore, predictive control calculates the

optimal input by solving a constrained �nite-horizon optimization control (CFHOC)
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Figure 2.5: General control diagram of MPC for electric drives

problem at each sampling period [32]. The system model can be usually adopted as

a discrete-time and time-invariant representation,

x (k + 1) = f (x (k) ; u (k)) (2.5a)

y (k) = h (x (k)) ; (2.5b)

where x (k) 2 X � Rn are the system states at the instantk 2 N and f (�) is

obtained from the plant di�erential equation. y (k) is the actual output, which is

a function h (�) of the state x (k). Given the discrete nature of drive systems, the

derivative term is usually represented using discretization strategies, with the forward-

Euler approximation as the most popular. Other approaches consider second-order

discretization to improve the prediction accuracy [33].

Given a constant reference �� , the objective is to obtain the optimal reference

u (k + 1) that drives the system to an equilibrium point x � � in which y� � = h(x � � ) =

� � . The solution of the CFHOC problem results in a sequenceU (k) = f u(k); u(k +

1); :::; u(k + Np � 1)g 2 U with Np de�ned as the �nite horizon [34]. This sequence is

calculated either by the explicit solution that eliminates the errorj� � � ŷ(k + Np � 1)j,
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or by minimizing the cost function,

min
U(k)

g(x(k); U (k)) = g1 (x(k); U (k)) + g2 (U (k)) (2.6a)

g1 (x(k); U (k)) =
NpX

j =1

jŷ(k + j jk) � � � (k + j )j (2.6b)

g2 (U (k)) =
NuX

j =1

j� (� U (k + j � 1))j; (2.6c)

where g1 represents the tracking error, andg2 is a term that penalizes the control

action with a factor of � , and Nu is the control horizon [35].g1 in (2.6b) is commonly

adopted in electric drives to track either current or torque reference, while (2.6c)

minimizes the switching frequency.

The selection of control and predictive horizons drastically a�ects the performance

of the predictive algorithm. The use of a control horizonNu < N p has demonstrated

bene�ts for closed-loop stability [32, 36]. Similarly, as the time constants in electric

drives are in the order of ms, the prediction horizons tend to be one or two. The use of

high horizon becomes a compromise between control performance and complexity, as

higher Np values increase the computational requirements exponentially [37]. Recent

developments have evaluated calculation alternatives to predict horizons up toNp =

4 [38], with promising results in medium-voltage and high-e�ciency electric drives

[35,39].

2.2.1 Classi�cation of predictive control of SRMs

Predictive control is known for its better dynamic response [40], simple control struc-

ture and straightforward implementation [21]. Besides, it is capable of e�ectively
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Figure 2.6: Predictive control techniques applied to switched reluctance machines.
Classi�cation and main characteristics

handle the constraints and nonlinearities of the system. It all comes at the expense

of higher computational burden, which can be managed by the recent advancements

in microprocessor technology.

Predictive control determines the optimal inputs to the system (switching signals

in case of a motor drive) to achieve the desired performance target by predicting

the future state of the plant using a predictive model. Di�erent approaches have

been considered for control in SRM drives. The optimal solution is obtained by

solving the CFHOC problem either by a cost function or calculation from the de�ned

predictive model. The selectedu(k) is then applied during the next sampling period

k + 1. According to the strategy, the selected inputu(k) can be applied, whether

using a modulator or not, which a�ects the performance and switching frequency

characteristics of the closed-loop controller. If the predictive strategy uses both a

predictive model and a cost function, the technique is known asmodel predictive

control (MPC) . In this thesis, predictive control is classi�ed with the criteria shown

in Fig. 2.6 for the techniques concerning to switched reluctance machines [41].

Sensitivity to parameter mismatch and measurement noise is considered as one of
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the main drawbacks of predictive methods. In practice, parameter variations are un-

avoidable, which can happen due to the nonlinear nature of physical systems, ageing,

temperature e�ects or other external factors. The e�ect of parameter variations on

the performance of predictive methods is even worsened, if no integration elements

are implemented to mitigate the steady-state error of MPC [42]. This can be usually

tackled by considering longer receding horizons in the prediction, implementing active

disturbance rejection schemes [43], or applying �ltering techniques, like the Kalman

�lter [44]. Integrating online parameter estimation methods with predictive approach

is another method to alleviate the e�ect of disturbances resulting from the parameter

variations increasing the robustness of the predictive controller [45].

Generalized Predictive Control

A classic approach of predictive control deals with the CFHOC problem by linearizing

the plant model. The generalized predictive control (GPC) uses this model to compute

the optimal control action using a transfer function-based predictive model and a

cost function [46]. Fig.2.7(a) shows the block diagram of this technique. The main

advantage of GPC is the consideration of the e�ect of the disturbances, thus obtaining

a more realistic representation of the steady-state error [47]. This, along with the

linearized model, allows obtaining an optimal response for longer prediction horizons

without loss of accuracy. However, this technique cannot consider the nonlinear

nature of the power converter and other inherent nonlinearities [48].

The predictive model is commonly represented by the Controlled Auto-Regressive

and Integrated Moving Average (CARIMA) model, which represents the model in

state space and includes the disturbances e�ect. This approach allows obtaining an
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Figure 2.7: Predictive control techniques applied to switched reluctance machines (a)
Generalized predictive control strategy (b) Deadbeat predictive control (c) Hysteresis-
based predictive control (d) Model predictive control

unbiased representation of the steady-state error [47]. The adopted model is shown

in (2.7),

A(z� 1)y(t) = B(z� 1)u(t) + C(z� 1)
� (t)
�

; (2.7)

where A(z� 1), B (z� 1) and C(z� 1) are the known parameters of the system,z� 1 is

the backward shift operator and � is an integrator � = 1 � z� 1. The disturbances

are included in � (t), which is an uncorrelated zero-mean variable. In this way, the

term C(z� 1)� (t) is an incremental component that does not a�ect the steady-state

value and can be neglected to simplify the calculations under this condition. The

prediction stage can be executed either by techniques such as Kalman �lter or by

standard prediction models such as the Diophantine equations in (2.8a) [47]. The

latest is usually the choice for implementation in GPC, which is combined with the

model in (2.7) to obtain, based on the de�nition in (2.8b), the prediction model in
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(2.8c) [46]:

1 = E j (z� 1)� A(z� 1) + z� j Fj (z� 1) (2.8a)

Gj (z� 1) = E j (z� 1)B (z� 1) (2.8b)

ŷ(k + j ) = Gj (z� 1)� u(k + j � 1) + Fj (z� 1)yf (t); (2.8c)

whereE j (z� 1) and Fj (z� 1) are polynomials of the orderj � 1 and Na, respectively.

� u(k + j � 1) represents the variation of the actuating signal with respect to the

previous sampling period. It is worth noticing that (2.8c) allows estimating the

response for anN -horizon period computing for each stepj [46]. The equations take

advantage of the linearity of the model to decompose the response into the sum of

the two responses, the one a�ected by the previous actuation variable, also called

a natural response, and the one with an output depending on the future actuating

variable called a forced response [49]. These variables are represented in Fig. 2.7(a)

like yf and G~u(k + j ), as the free and forced response, respectively. The prediction

for the sampling periodj is then compared with the reference value �� through a cost

function. A minimization stage is added to solve the cost function and calculate the

optimal input sequence ^u(k + j ).

g =
N2X

j = N1

� j (ŷ(k + j ) � � � )2 +
NuX

j =1

� j (� u(k + j � 1))2; (2.9)

whereN1 is the lower cost horizon,N2 is the upper cost horizon andNu is the control

horizon. � j and � j are the weight factors. The �rst component in (2.9) tracks the

reference, and it is called themain objective. In contrast, the second term orsecondary

objective minimizes the variations in the actuating variable, which is especially used
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in electric drives to reduce the commutation in the switching devices.

The main feature of GPC is the long prediction horizon with a relatively low

computational burden with respect to other predictive-based techniques [48]. With

the solution of heavy computations obtained o�ine, GPC provides an exact solution of

the CFHOC problem and the possibility to include a modulation stage, thus providing

a �xed switching frequency; however, when applied to motor control, the method

considers neither the PWM nor the semiconductors or inverter [19].

In comparison with other techniques, GPC has more complex formulation and

implementation, and the application into highly nonlinear plants such as SRM drives

limits the potential of this technique. In fact, GPC had not been a popular technique

in recent years. Recently, it has started to be considered using technology able to

support higher computational burden and complex calculations. It has been imple-

mented for control in grid-connected inverters [50,51], opening the possibility for its

enhancement in electric machines.

Deadbeat Predictive Control

In deadbeat predictive control (DBPC), the predictive model directly calculates the

optimal input sequence to solve the CFHOC problem [21]. The predictive model uses

the information of the machine parameters, the actual statex(k) and the previously

computed optimal input sequenceu(k) to estimate a continuous value of future input

sequenceu(k + j ) that makes the error zero. The general block diagram of this

technique is shown in Fig. 2.7(b). By accomplishing an error equal to zero in the

next sampling period, it is expected thaty(k + 1) = � � ; therefore, the model can be
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represented as,

û(k + j ) = u(k) +
� � � y(k)

Ts
: (2.10)

In (2.10), the optimal input sequence ^u(k + j ) makes the output y(k + j ) = y(û(k +

j )) = � � . In electric machines, the reference sequence is then normalized with respect

to the dc-link voltage vdc to obtain a duty cycle. Then, the duty cycle feeds a mod-

ulation stage, which sends the PWM signal to the drive, thus guaranteeing a �xed

switching frequency operation.

Hysteresis-based Predictive Control

The hysteresis-based predictive control (HPC) follows the same guidelines as the

conventional hysteresis controller. However, it obtains the optimal input sequence

u(k) based on a predicted representation of the error signal, thus improving the

already high dynamic response of the technique. Fig. 2.7(c) illustrates the working

diagram of HPC. This strategy does not regulate the output variable itself, but the

instantaneous error between the reference and the predicted state, which keeps the

output y(k) within a de�ned boundary. Besides, it can be combined with strategies

such as space vector modulation to provide a nearly �xed switching frequency [52].

However, HPC is not popular in literature since the use of predictive models requires

the knowledge of the plant parameters. This issue eliminates the main advantage

of the hysteresis controller, which is to be an e�ective regulator of average reference

without prior knowledge of the system characteristics.
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Model Predictive Control

Model predictive control (MPC) is currently the most popular predictive control

strategy in literature. In this work, the concept of MPC is based on the use of both

a predictive model to estimate the output ^y(k + j ) and a cost function to determine

the optimal input sequence in the next sampling period ^u(k + 1).

There exist, in general, two types of MPC, the one with a continuous control

set (CCS-MPC) and with a �nite control set (FCS-MPC). Although, in strict terms,

the GPC in Fig. 2.7(a) can be categorized as a CCS-MPC technique, the particular

modelling and prediction of natural and forced variables make it a di�erent technique,

as explained in Section 2.2.1. The block diagram of the MPC strategy is depicted in

Fig. 2.7(d), but there are di�erences whether CCS- or FCS-MPC are used.

Both MPC strategies use a predictive model to estimate the future behaviour of

the output variable y(k + j ) as a function of the input u(k). However, CCS-MPC

presents the prediction as a continuous state. This prediction feeds a cost function

along with the desired reference �� , and a minimization strategy is applied, usually

relying on techniques such as the Newton method. This allows obtaining a duty cycle

that feeds a modulator, thus guaranteeing a constant switching frequency.

Contrarily, the FCS-MPC implements a cost function based on discrete states.

The states depend on the possible switching states as inputs to the power converters.

In a two-level voltage source inverter (2L-VSI) there are seven possible states. These

states allow obtaining seven possible outcomes, the one with the smallest error is

chosen, and the corresponding switching state is applied. This selection avoids the

modulator but causes variable switching frequency, limited only by the sampling

frequency [20]. The sacri�ce of variable switching frequency is compensated with a
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faster dynamic response [37].

Di�erent authors have shown the advantages and 
exibility that the use of weighted

cost function brings to control primary and secondary objectives [20]. Recent trends

in MPC include nested cost functions [53], model-free MPC [54] and MPC with virtual

vectors [55].

2.2.2 Delay compensation

As predictive control determines the control law online and based on measurements

of system states and model parameters, the response relies on the accuracy of these

variables with respect to the real system. If model mismatches and noise are not an

issue, the controller must still deal with the delay in the control action. In practical

scenarios, a non-negligible time period passes between the state measurement and

the application of the optimal switching period, thus producing inaccuracies in the

predicted system behaviour and control action. Therefore, the concept of delay com-

pensation gains high relevance, being nowadays a fundamental component of such

algorithms. Depending on the predictive strategy, the delay compensation method

can be classi�ed as direct or indirect compensation [56]. In the former, it is assumed

that the delay takes around one sampling period, and the next optimal control action

is updated as the one to be applied two steps ahead [57]. The direct compensation

is mostly implemented for FCS-MPC, which estimates the change of the measured

state once the optimal switching pattern has been applied, and then it evaluates its

further change according to all possible switching states. On the other hand, indirect

compensation is considered for continuous-based techniques such as DCPC [58, 59]

and GPC [60]. It consists of including the delay within the problem formulation, so
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the predictive strategy solves the compensation problem itself.

2.3 Summary

This Chapter de�nes the operating principles and modelling of switched reluctance

machine drives. The model is proposed in terms of the machine voltage equation

and based on the concept of electrical angle. Flux linkage and torque static char-

acteristics are discussed, and the relevance of saturation conditions for SRM oper-

ation is concluded. A brief description of the most popular power converter is also

presented, along with a mention to diverse topologies in the literature. The funda-

mental concepts behind predictive control are also presented. A general classi�cation

of predictive control techniques implemented for SRM drives is proposed, and each

technique is de�ned and formulated as a control block diagram. These concepts will

help understanding the literature review and the previous works on predictive control

for SRM in the next Chapters.

26



Chapter 3

Predictive Control of SRM Drives

As previously described in Section 2.1.4, the torque control of an SRM can be either

de�ned as a DTC- or an ITC-based strategy. The latest emulates the FOC in AC

drives de�ning a current reference that must be tracked by an inner current loop.

Di�erent control objectives can be translated into current shapes, thus simplifying

the problem into a current control task.

Predictive control adopts the same structure, de�ning either predictive torque

control (PTC), which is analog to DTC, or an outer torque control with inner predic-

tive current control (PCC) loops, just like ITC. In SRM drives, the predictive-based

techniques implemented to date have mostly followed one of these trends. Therefore,

this chapter reviews these predictive control techniques for SRMs, comparing the

characteristics, advantages and challenges still present. Besides, an analysis is pre-

sented regarding the opportunities and potential research elements that the existing

publications leave to make this work complementary to the already existing surveys

about predictive control.

The chapter presents the adopted classi�cation and a literature review of PCC
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Table 3.1: Current control in SRM drives

Control type Control technique Modelling approach Calculation of reference
voltage or switching stateModulator High-

speed
Four-
quadrants References

Classic Current
Control

HCC Model-free Hysteresis band � � X � [61]

PI + PWM Various PI regulator �X �X �X [62]

Delta modulation Model-free Hysteresis band �X � � [63]

Back-EMF compensation Various PI regulator �X �X �X [64]

Predictive Current
Control

DBPC Analytical model / Static maps Direct calculation �X �X � [16,65{77]

GPC Linearized transfer function Continuous cost function�X � � [78]

CCS-MPC Analytical model / Static maps Continuous cost function�X �X � [45,79{81]

HPC Analytical model / Model-free Hysteresis band �X �X �X [82,83]

FCS-MPC Discrete function / Static maps Discrete Cost function� � � X [84{89]

and PTC strategies. The control techniques are analyzed according to their mod-

elling approach, phase torque distribution, switching behaviour and calculation of

optimal actuation variable. A performance comparison is also presented, and the

current challenges and improvement opportunities are discussed. Furthermore, po-

tential applications of predictive control are also described, and a general conclusion

on potential research based on the literature review is directed, thus opening the

discussion for future applications beyond the current works.

3.1 Current Control

Fig. 3.1 represents the ITC scheme on SRMs. In this �gure, a current reference is

obtained from an outer speed control loop, which de�nes the required torque. The

relationship torque-current in SRM is de�ned as part of torque control techniques, in

Section 3.2.

Current control in SRM is challenging due to the nonlinear phase inductance

pro�le. As described in Section 2, the variable reluctance paths and the saturation

produce a 
ux linkage that is a function of the electrical angle and the phase current.

Failing in smoothly tracking the reference current might increase the torque ripple
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Figure 3.1: Conventional control loop for SRM

and even acoustic noise as a consequence of the high current ripples [9]. In addition,

di�erent current waveforms have been proposed, shaped to attack particular problems

such as torque ripple during to phase commutation [12] or acoustic noise [3]. This

section synthesizes the current tracking techniques commonly used in SRM, brie
y

reviews the conventional methods and describes the works using predictive control.

Table 3.1 shows the classi�cation of these control techniques and corresponding ref-

erences.

3.1.1 Conventional techniques

In the conventional current control of SRM in Fig. 3.1, the gray blocks represent

static maps, external to the control loop and calculated o�ine. In addition to the

torque-to-current static map, the algorithm also requires the conduction angles� on

and � of f . These angles de�ne the span of conduction per phase. The reference voltage

is calculated and then applied to the inverter either by a modulation stage in the form

of PWM or by choosing the switching states (direct actuation).

Traditionally, the use of hysteresis current control (HCC) is the choice for current
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regulation in SRM. Its tuning is not complex, and it does not require to know ma-

chine parameters. This technique de�nes upper and lower boundaries and modi�es

the switching state to keep the instantaneous current within the error band. This

direct-actuation controller provides proper reference tracking and dynamic response

at the expense of variable switching frequency and high current ripples [9]. The HCC

performance can be improved by adjusting the tolerance band [61] or including addi-

tional levels in the hysteresis logic [90]. Delta modulation also appeared as an e�ort

to overcome the variable switching frequency of HCC, maintaining its dynamic re-

sponse [63]. It uses a hysteresis response around the reference value to obtain a duty

cycle, limited by a triggered system to set a maximum switching frequency. However,

this frequency limitation comes with an inherent increase in the current ripples.

Proportional-integral (PI) regulators compensate for the error in the current track-

ing. The reference voltage is applied using a modulation stage as a PWM [90], provid-

ing a constant switching frequency and zero steady-state error [62{64,91]. The draw-

back is the limited transient response and the requirement of knowing the machine

parameters to tune the gains properly. Although there exist methods to improve the

dynamics such as the back-EMF compensation [64, 92], the gains still might change

at di�erent operating points, and dynamic gains should be proposed [93,94].

3.1.2 Predictive current control

The algorithm of a general predictive current control (PCC) starts at the instant

k, with the measurement of phase currenti (k) and rotor position � (k), as shown in

the Fig. 3.2. Then, the predictive model estimates the phase current in the next

sampling period using the previous states and machine parameters. The predicted
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Figure 3.2: Conventional PCC

state in this case is the currentx(k + 1) = i (k + 1), which is used to determine

the optimal input sequenceu(k + 1), representing the voltage reference. It is worth

noticing that the use ofi (k+1) considers that the prediction has been compensated for

measurement and computational delays [57]. The use of a cost function to minimize

the control problem is optional, as, for instance, DBPC directly computes a duty

cycle. The reference voltage can be applied either with a modulator or directly

selecting the switching pattern. From Table 3.1, PCC modelling strategy, calculation

of the actuation variable and switching behaviour adopted for SRM in the literature

are analyzed.

Predictive model

Fig. 3.3 classi�es the di�erent modelling approaches adopted in literature for PCC in

SRMs. An accurate model guarantees a proper tracking response for both transient

and steady-state operation. Intuitively, it should use a current-based approach to

represent the system as a state-space model; however, given its nonlinear inductance,

a direct estimation of the current would require the solution of a nonlinear problem.
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Figure 3.3: Modelling techniques adopted in literature for PCC in SRM

In the simplest case, the model neglects nonlinearities and considers a constant in-

ductance valueL in (2.3), which results in a �rst-order transfer function [16]. Despite

the simplicity of this approach, in practice the dependence of the electrical angle is

signi�cant and, in consequence, non-negligible. An alternative has been the consider-

ation of at least two inductance values at the aligned and unaligned positions, which

gives the maximum and minimum inductance values, respectively. This sketches the


ux and inductance like a triangular waveform as a function of the angle [77]. How-

ever, SRMs �nd their optimal energy conversion rate working on saturation [9], which

requires the consideration of this condition. If saturation and fringing e�ects are also

considered, then the static map in Fig. 2.2(a) is obtained.

Alternatively, linearization can be done on the nonlinear static map. This option

has been brought by GPC, as in Fig. 3.1(b), presenting it as a transfer function [78].

The small-signal model can relate the phase current and the duty cycleD as a function

dependent on the machine parameters [95], the speed and a constant to represent the
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nonlinear inductance like,

G(s) =
I
D

=
�

2Vdc

L(� )! r � (� ) + R

�
; (3.1)

where ! r is the rotor speed, and� represents the nonlinear variation of the phase

inductanceL with respect to the electrical angle. The expression in (3.1) is used as

a plant in a closed-loop analysis in which parameter uncertainties are considered.

The discrete-time transfer function can be tuned based on the relay feedback

method [95], which has been implemented for low power SRMs [78]. This model

simpli�es the use of GPC by de�ning the controller behaviour o�ine. Another option

consists of assuming linear inductance values during a few sampling periods, which

reduces the calculations but still allows nonlinear e�ects in longer control horizons

[75,76].

The problem with the linearization is that it compromises the accuracy of the


ux behaviour, especially in the areas where the fringing e�ect is prominent. From

Fig. 3.3, the next option is the use of analytical models. The representation using

analytical equations has been a popular solution as it allows reconstruction of the

static maps without compromising the memory usage of the processor with LUTs.

It can also simplify the online calculations, depending on the obtained expression.

The use of Fourier series expansion has been a suitable adaptation of SRM pro�le for

analytical equations, expressed as [45],

L (k) = l0 + l1cos(8 � � (k)) + l2cos(16 � � (k)) ; (3.2)

where the coe�cients l0, l1 and l2 are tuned based on selected points of the static map
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Figure 3.4: Deadbeat PCC

in Fig. 2.2(a). These points are usually chosen considering the rotor at unaligned

(0� elect.), aligned, (180� electrical) and midpoint (90� electrical) [45, 67], but there

could also be a third point aligned with the maximum back-EMF occurrence [83].

Besides, the obtained equation facilitates applying �ltering techniques to produce a

smoother prediction, even in four-quadrant operation [83]. The main drawback in

this approximation is the assumption of invariable Fourier coe�cients to map the

nonlinearities for every operating point [79].

Next in Fig. 3.3 is the use of discrete-time models fed by static maps. For

instance, current-based models have been parameterized with the inductance and

back-EMF. These values come from static maps, which are usually obtained by FEA

or self-commissioning, and updated online according to the operating behaviour of the

machine [68,69]. The discrete model can be easily implemented in deadbeat predictive

control with discretization techniques such as the forward Euler approximation for

the derivative terms. The block diagram of this technique is presented in Fig. 3.4.

The variables at the times (k+1) and (k) are obtained from look-up tables to estimate

v(k + 1) as [65,66,70],

(3.3)v(k + 1) = Ri (k + 1) + !
�

L (k+1) � L (k)
� (k+1) � � (k)

�
i (k + 1) + � (k);
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whereL(k + 1) = L (i (k + 1) ; � (k + 1)) and the reference �� = i (k + 1) is used since a

zero error is required.

MPC techniques, de�ned in Section 2.2.1, have been mostly based on discrete-

time modelling. FCS-MPC can also use the discrete-time representation, in which

the model is evaluated with all possible switching states to predict all possible phase

currents and decide on the optimal one [84,87]. Finally, CCS-MPC takes advantage

of the model to de�ne a convex space within a continuous cost function, which can

be optimized to �nd a minimum point and solve the CFHOC problem [79{81,89].

Although the use of inductance and back-EMF static maps requires additional

memory, it is compromised by enhancing the accuracy of the prediction. Filter-

ing techniques can improve the robustness against noise in the measurements and

the prediction, while online adjustment of inductance values reduces the parameter

sensitivity issues [69,79]. However, the derivative term of the inductance and the ad-

ditional di�culties it brings for four-quadrant operation make the use of 
ux-model

more suitable for particular applications [67].

Flux-based models also address static maps, as shown in Fig. 3.3, but the 
ux

linkage value is obtained instead of inductance. This allows using Forward-Euler

discretization in (2.2a) to obtain a simple predictive model with a sampling period

Ts,

� (k + 1) = � (k) + Ts [v(k) � Ri (k)] : (3.4)

The use of (3.4) simpli�es the prediction with the use of tables to obtain the 
ux

using only measured variables [65,66,71{73]. In a more simpli�ed way, it is possible

to use a 
ux-based model and de�ne the entire controller as avirtual-
ux (VF)

MPC control. The concept of VF was initially addressed in control of grid-connected
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Figure 3.5: Virtual-
ux FCS-PCC

interfaces [96] and permanent magnet machines [97]. This method performs the

control in a virtual 
ux domain bringing several advantages such as simpli�cation of

the model and inherent linearization of the current-tracking problem. The algorithm

tracks VF instead of current, being able to predict� (k + 1) using (2.2a). Fig. 3.5

shows a representation of the VF-PCC approach, in which both the sampled current

and the reference current are mapped in the VF-domain, thus cancelling out the 
ux

tracking and behaving like a current controller [86]. As the static map is external

to the controller, it allows simplifying the closed-loop analysis and the evaluation of

robustness or stability [98].

Another technique uses model-free predictive control, which has been successfully

applied to AC drives [54]. This approach obtains the predictive variable based on

regressions and extrapolations from the previous measurements. It has been applied

to SRM drives by taking into consideration the error tracking instead of the current,

and feeding it into a hysteresis regulator, as shown in Fig. 3.6 [82].

Calculation of the reference voltage

The reference voltage is computed in predictive control either by direct calculation

using the predictive model in DBPC or using a cost function. In the �rst case, the
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Figure 3.6: Hysteresis-based PCC

calculation has been implemented considering the sampling and switching behaviour

to choose whether to use a current- or 
ux-based model, depending on the compu-

tational time [66]. Pre-computed duty cycles can also be implemented in the form

of a decision table within the control loop, reducing computational burden [75, 76].

Although this method is known for its noise sensitivity and parameter dependence,

it can be combined with static maps, which are updated every sample period, thus

o�ering self-tuning characteristics [68,69].

The use of a cost function o�ers 
exibility with the possibility of including restric-

tions from di�erent nature thanks to the incorporation of multiple objectives [20].

Fig. 3.7 shows the di�erent cost functions proposed in PCC for SRM in the liter-

ature. As current tracking is a non-cascaded control, the cost function tends to be

simple, considering only a primary objective [78,84,88]. Although in power converters

it is also desired to reduce switching frequency by costing the input [45, 72, 79, 89],

this limitation is not recommended as it worsens their behaviour.

The 
exibility of the cost function allows to transcend the operational limits of the

original system and, for instance, de�ning operating limits like the maximum current

when VF tracking is the main objective [86], or controlling the machine as a battery
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Figure 3.7: Objectives considered within the cost function on PCC for SRM

charger regulating current and state of charge (SoC) at the same time [85].

Switching behaviour

Table 3.1 includes a comparison of the switching behaviour of each PCC technique.

The switching frequency depends on whether or not a modulator is used. On the

one hand, the use of a modulator �xes the switching frequency but jeopardizes the

dynamic response [37]. DBPC, CCS-MPC and GPC are the techniques convention-

ally using a modulator, but this can also be extended to HPC by including a delta-

modulation strategy [82]. FCS-MPC, on the other hand, produces a variable switching

frequency, which is inconvenient for high-power and high-voltage SRMs. The direct

application of the switching pattern in SRM might cause an exaggerated ripple in the

areas with the lowest inductance, that is, near the rotor unaligned position [9]. Re-

search in MPC-based techniques has shown the possibility to overcome this limitation

by modulated MPC strategies, primarily implemented for multi-phase machines [55].
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3.1.3 Performance comparison and future trends of predic-

tive current control

A four-phase, 8=6, 5:5 kW SRM with an asymmetric converter is simulated to evaluate

the performance of these techniques. The 
ux linkage characteristic of the machine is

depicted in Fig. 2.2(b). Two di�erent reference currents are applied to the machine

to compare the complete behaviour of the controllers: one produced by a torque

sharing function (TSF) algorithm and the second from a radial force shaping (RFS)

technique. A maximum switching frequency of 20 kHz is set for all simulations with

an SRM running at constant 2000 rpm and 6 Nm.

TSF aims to reduce the torque ripple caused by the transition from one phase to

the next one by distributing the total reference torque and current, among the indi-

vidual phases. The transition between the phases is usually represented as a linear,

quadratic, cubic or even sine function [99]. In this work, the cubic transition is con-

sidered, which a�ects its dynamics unlike the steady-state operation, which de�nes

a constant current. Fig. 3.8a(a) shows the behaviour of the PI+PWM combina-

tion. Although this presents a proper steady-state response, it su�ers delays, thus

evidencing the limited dynamic response capability. HCC in Fig. 3.8a(b) has the best

transient response, but it cannot track the decrements in current at the right rate of

change, given the higher inductance around the aligned position. Moreover, the HCC

is reported to be unable to operate in the four-quadrants due to the back-EMF [86].

VF-FCS-MPC in Fig. 3.8a(c) o�ers a good trade-o� between dynamic response and

phase turning-o� tracking. It can also track the current in generating mode with-

out modi�cation in the control algorithm even though its steady-state tracking is

inferior compared to PI+PWM. A more comprehensive analysis on the design and
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(a) TSF-based (b) RFS-based

Figure 3.8: TSF and RFS reference currents and phase currents of 8/6 SRM (only
phases 1 and 2 are shown) using (a) PI+PWM (b) HCC (c) VF-FCS-MPC (d) DBPC

performance of VF-MPC algorithm are presented in Chapter 6. Finally, DBPC in

Fig. 3.8a(d) is comparable to FCS-MPC in dynamic response with a slightly better

steady-state error.

On the other hand, Fig. 3.8b shows the reference and phase currents obtained by

the RFS technique, which is aimed to reduce both torque ripple and acoustic noise

in SRMs [3]. Unlike TSF, the waveform in RFS presents a dynamic behaviour, like a

Gaussian curve which does not reach a constant value. As before, PI+PWM is limited

in its dynamic response in Fig. 3.8a(a), while HCC in Fig. 3.8a(b) properly tracks

the curves; however, HCC produces a higher error around the unaligned position and

fails to regulate during turning-o�. At the same time, both VF-FCS-MPC in Fig.

3.8a(c) and DBPC in Fig. 3.8a(d) accurately track the current reference, the latest

technique providing a better current ripple.
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Predictive control presents an improved dynamic operation with respect to the

conventional PI. However, it still su�ers from inaccuracies in current tracking for

SRM when it operates near the unaligned position as previously reported [66]. The

low inductance region makes the phase current sensitive to voltage transients and

complicates the regulation task. A potential approach could be the use of higher

switching frequencies in this region, or the implementation of multilevel inverters to

reduce the machine terminal voltage. The latest has been implemented for torque

control considering virtual voltages [55]; however, this technique inherently increases

the switching frequency.

The previous techniques should also be considered to regulate the current in a

wider operating range, i.e., at high-speed and generating mode. In fact, from Table

3.1, most of the presented work is focused at low-speed (below base speed) and in the

�rst-quadrant operation, which limits the possibilities of evaluation of PC techniques

in the regenerative braking region. This table considers that the method works for

high-speed or four-quadrant operation if at least one of the references has considered

these operating points. For instance, although DBPC should be suitable for regener-

ative operation, none of the presented works has evidenced its performance is such an

operating point. However, other techniques have explored higher-speeds [73,79,80,82]

and four-quadrant operation [83,86].

The review also shows that most of the publications consider only the conventional

asymmetric converter. There exist di�erent variations of the power converter to

drive the SRM, as addressed in Section 2.1.3. The topology of the converter can be

combined with the current control technique to propose other functions such as drive

self-commissioning [68, 69] or battery charging in electri�ed vehicles [85]. Recent
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works have also shown the applicability of predictive control in high-power SRMs,

with an assessment focused on a 60 kW automotive traction SRM [100]. Results

highlighted the importance of a more accurate model in machines with such rating

and the simplicity to adapt techniques such as DBPC and MPC to improve current

tracking.

Finally, the pole con�guration and the number of phases in SRM is also an ad-

vantage of these machines, which can be selected according to the power rating and

requirements. The most popular con�guration is 12=8, which is suitable for low power

(0:5 � 10 kW) machines. There is still room for evaluation of the behaviour of pre-

dictive control techniques in high-power and high-pole con�guration SRM, which are

mainly suitable for traction in hybrid vehicles, e.g., the 35 kW presented in [75, 76]

or the 60 kW one in [84].

3.2 Torque Control

In conventional AC drives such as permanent magnet machines, the electromagnetic

torque production can be approximated to a relationship between the direct and

quadrature axis currents, after a proper rotation of the phase currents has been

applied into a rotating reference frame, usually at the synchronous speed. However,

from Fig. 2.2(c), it is clear that such a mathematical approximation is not possible in

SRM drives. If a similar structure as FOC wants to be adopted, a proper relationship

between torque and current must be de�ned. This relation is illustrated in Fig. 2.7

as the torque-to-current static map, which is usually obtained from the inversion

of the torque-current-angle LUT [9]. From these tables, current control tracks the

obtained references, as discussed in the previous section. Alternatives include the
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approximation to analytical expressions or the use of direct torque control (DTC).

The use of predictive control can handle these issues either by deciding the optimal

reference current online, or by selecting directly the switching states to emulate the

DTC approach.

In this section, the main characteristics of the predictive torque control techniques

applied to SRMs are discussed. A comprehensive literature review is presented and

the di�erent works are analyzed and classi�ed. The general trend of PTC in SRM

is identi�ed as well as the current challenges and potential improvements based on

the �nding in literature. Finally, an assessment between conventional and predictive

techniques is presented in simulation for a 5 kW SRM.

3.2.1 Conventional techniques

Torque control in SRM drives not only cares about maintaining an average tracking

on a torque reference but also considers its ripple. Smooth torque control has been

addressed by indirect regulation, which de�nes the current reference and relies on a

current tracking technique, as shown in Fig. 3.1. The simplest approach uses the

optimal activation angles� on and � of f to guarantee taking maximum advantage from

the torque generation capability of each phase [101,102]. However, in order to obtain

these optimal angles, o�ine optimization routines must be executed, thus increasing

the algorithm development time and e�ort. In addition, the transition between one

phase and the next one produces dips in the total torque, as the equivalent 
ux

linkage is di�erent at each phase, being the electrical angles di�erent. Torque sharing

function (TSF) appears as a response to the last issue. It considers a smoother

transition between the outgoing and upcoming phases to minimize the torque dips
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during phase commutation [17]. This transition has been proposed in a variety of

algebraic functions of the electrical angle, being the most popular quadratic and

cubic, due to the simplicity and smoothness [99]. Moreover, the resultant reference

currents can be shaped o�ine in the so-called current pro�ling technique, thus saving

computational burden [13].

Alternatively, the use of DTC bypasses the need of current loop and directly

decides the control action based on prede�ned switching rules stored as LUTs [43,103].

DTC o�ers then a faster transient response with a robust structure, but it lacks on

simplicity due to the extra e�ort on calculating the complex switching tables o�ine.

For this reason, the direct instantaneous torque control (DITC) is currently the most

popular technique for torque ripple minimization, as it uses a closed-loop structure to

directly regulate the torque error with a simple hysteresis law [104,105]. It provides

satisfactory results but fails to regulate it at a wide speed range. Furthermore, both

DTC and DITC lack of current regulation, thus loosing control on transients on the

phase current and potentially decreasing e�ciency. Recent works have addressed this

issue, but it requires additional features such as adaptive controllers and multi-stage

control laws [106].

Table 3.2 presents some of the conventional techniques for torque ripple minimiza-

tion in SRM as well as some of their main features and references.

3.2.2 Recent torque control strategies

Recent trends in torque control of SRMs have followed a similar approach as con-

ventional techniques, being these classi�ed into the ITC and DTC categories. DTC

strategies have adopted secondary objectives to enhance the machine operation, being
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Table 3.2: Torque control in SRM drives

Control type Control technique Need for o�ine
calculations

Calculation of reference
voltage or switching stateModulator Current

regulation
High-
speed

Four-
quadrant References

Classic

Torque

Control

DTC �X Switching table � � � � X [43]

DITC �X Switching table � � � � [104]

ITC with optimum
conduction angles �X Inner current loop n/a �X �X �X [101,102]

TSF �X Inner current loop n/a �X �X �X [17,99]

Current pro�ling �X Inner current loop n/a �X �X �X [13,107]

Predictive

Torque

Control

DBPC � Direct calculation �X � � � [27,108{112]

GPC �X Continuous cost function�X � � � [113]

Conventional � Discrete cost function � � X �X � [114{121]

FCS-MPC VF-FCS-MPC � Discrete cost function � � X �X � [122,123]

VV-FCS-MPC � Discrete cost function �X �X � � [124]

the most relevant for electric drives the torque-per-ampere ratio [125,126]. The con-

troller designs have also included the use of online torque sharing optimization, even

adapting genetic algorithms into the closed-loop control [127]. More complex alterna-

tives have included neural networks to capture the nonlinear relation between torque

and 
ux, thus obtaining a 
ux linkage sharing and an inner virtual-
ux tracking [128].

The use of DITC has also been improved with respect to early works. In [129], for

instance, the hysteresis torque stage is replaced by a PWM-based component with

online compensation, thus improving the resultant torque ripple.

The ITC-based techniques have recently adopted formulations with higher com-

plexity in order to guarantee a more accurate torque tracking. For instance, in [130],

the proposed technique generates a reference current and 
ux to achieve the desired

average torque based on the 
ux-current characteristics and the estimated torque

production from the stored magnetic energy. Hybrid control using both current and

virtual-
ux ensures the proper tracking of the electromagnetic torque from the 
ux

linkage characteristics.

Finally, as SRM �nds its most promising operation at high-speed, a uni�ed control
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for a wide speed range is of interest. This control has been proposed by a combination

of both DITC and ITC as a function of both the speed and the rotor position, taking

advantage of DITC during magnetization and ITC for constant current and demag-

netization of each phase [131]. However, the transition between di�erent techniques

might compromise the stability, and the implementation of previously mentioned tech-

niques result in complex development or tedious implementation. Predictive control

instead has the potential to perform a uni�ed control with development simplicity

and good dynamic response.

3.2.3 Predictive torque control

Predictive torque control (PTC) can be considered as an extension of DTC, where

a predictive model is used to estimate the future behaviour of the drive, and a cost

function minimizes the output error. The control diagram for a FCS-PTC is depicted

in the Fig. 3.9. The output variabley(k) = T(k) as the total electromagnetic torque,

product of the algebraic sum of the phase torque (
P

Tph). However, total torque is

not usually measured directly from the shaft, or the ones used do not provide su�cient

resolution to identify ripples; therefore, the torque is obtained through the static map

in Fig. 2.2(c) fed by the phase currentsi (k) and electrical position� (k). After a delay

compensation, the predictive model estimates the future torqueT(k + 1) and current

i (k + 1) and uses a cost function to track the reference torqueT � while imposing a

current limitation with a weight factor � i [114]. It is worth to highlight that T(k + 1)

is an n-size array, wheren is the number of possible switching states, being 34 = 81

in the four-phase SRM. Although the evaluation of 81 possible outcomes is certainly

a drawback of this technique, there are several methods and proposals to reduce

46



Ph.D. Thesis - Diego Fernando Valencia Garcia McMaster - Electrical Engineering

Figure 3.9: FCS-Predictive torque control in SRM

(a) Deadbeat predictive torque control (b) Virtual-
ux deadbeat predictive torque
control

Figure 3.10: Deadbeat predictive torque control techniques for SRM drives

the number of computations. The simplest alternative evaluates only the phases that

should be active according to the rotor position, thus the sizen is reduced to maximum

32 = 9 during phase commutation, and only 3 during single phase operation [116].

Another option uses the deadbeat predictive control (DBPC) just like in current

control. In this case, the deadbeat predictive torque control excludes the cost function

and calculates the control actionv(k+1) that makes jT � � T(k + 1) j = 0. The optimal

voltage is then applied through the modulator which �xes the switching frequency. In

addition, the torque can also be mapped into the virtual-
ux domain, as illustrated

in Fig. 3.10a where a virtual-
ux deadbeat predictive torque control is proposed.

Fig. 3.10b uses a current-to-
ux and a torque-to-
ux static maps to represent the
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Figure 3.11: Phase torque distribution used for PTC for SRM drives

control task into the vf domain. Although it requires higher memory allocation for

two LUTs, this technique simpli�es the prediction allowing using (3.4).

As seen in Figs. 3.9-3.10b, PTC is analyzed according to its predictive model, the

technique to determine the control action (cost function or direct calculation) and

the switching behaviour. In addition, as the SRM torque comes from the individual

phase torque contribution, there are di�erences in the method used to determine the

torque sharing as a function of the shaft position. These characteristics are discussed

next.

Phase torque sharing

Fig. 3.11 summarizes the di�erent strategies to split the torque reference among the

phase torque contributions. Predictive torque control in SRM can be designed to

distribute the phase torque references eithero�ine or online. In the o�ine approach,

techniques such as TSF can de�ne the optimal reference phase torque as a function

of the electrical angle; therefore, the input to the predictive algorithm is a vector of

m references, withm being the number of phases. The predictive control technique

48



Ph.D. Thesis - Diego Fernando Valencia Garcia McMaster - Electrical Engineering

then identi�es the optimal switching pattern to track the individual references. As

the torque sharing is de�ned o�ine, these techniques can be easily implemented in

machines with multiple phases [117,120]. It also allows spending more computational

power into the current regulation at higher speeds [12]. The main drawback is the

consideration of static maps for the torque sharing, as the distribution might change

with the parameter variation or at high speeds.

The TSF principle can be easily implemented online by considering the maximum

torque that each phase can produce, according to its electrical position. In this way,

priority is given to the phase with the highest torque contribution, while the di�erence

between the reference torque and the produced torque is assigned to the upcoming

phase [27,108,115]. These torque assignations can be dynamically modi�ed by adding

weight factors that penalize for low e�ciency or potential faults [110,111].

The problem with the use of TSFs is the consideration of the torque as a simple

algebraic distribution between the phases, neglecting the further interaction between

them. Alternatives using predictive control have included an implicit phase distribu-

tion [109], or even the mapping of the whole system into a rotating frame, where it can

use conventional DTC for AC drives [122]. This is further simpli�ed by representing

the torque variables into a virtual-
ux domain.

Another option is just to let the cost function decide. As the cost function eval-

uates the optimal switching, it can be extended to evaluate which combination of all

phase contributions tracks better the torque reference [114, 116, 118, 119, 124]. This

brings also the advantages of including restrictions of di�erent nature into the torque

sharing, thus improving the algorithm 
exibility. Of course, this has been simpli-

�ed as a virtual-
ux tracking too [122, 123]. These techniques, although promising,

49



Ph.D. Thesis - Diego Fernando Valencia Garcia McMaster - Electrical Engineering

Figure 3.12: Modelling techniques of predictive torque control in SRM

have not been tested in generating mode or in a full-speed range. The high speed

operation is especially interesting in SRM as the cost function must allow certain

negative phase torque for angle advanced, required to build-up currents at such speed

and back-EMF. As a response, adaptive commutation angles are proposed to enhance

these conditions [121].

Predictive model

Fig. 3.12 summarizes the models used in PTC for SRM and the references. Predictive

models for current control were discussed in section 3.1.2, but they require additional

considerations for torque estimation. From de�nition, the torque depends on the

energy stored in the machine magnetic circuit; therefore, a proper knowledge of the


ux linkage is expected. Just as the techniques for phase current prediction, the

simplest approach represents an inductanceL as a function of electrical angle based

on aligned and unaligned conditions, and then extended to calculate the torque based

on [112,119],

T = 0:5i 2 @L
@�

: (3.5)
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However, a dependence of inductance on the electrical angle is expected, given the

saliency of the machine. A common alternative to represent 
ux in current control

relies on Fourier coe�cients, which can be extended to compute the torque based on

the expression (3.6) [116,118],

� = � s(1 � e� p(� )i ) (3.6a)

p(� ) = � + � cos (q) + 
 sin (q) (3.6b)

q = Nr � � (j � 1)2�= 3; (3.6c)

whereNr is the number of rotor poles,j is the active phase, and� and � are empir-

ically found. The uncertainty of heuristically tune the constants above is the main

drawback of this technique. A variation of an angle-dependent function considers the

use of a piece-wise function denoted in (3.7) [132]. The use ofp(� ) simpli�es the


ux as it is a function of the current independent from rotor position. It has been

successfully adapted to PTC in [109,114,117,122{124].

p(� ) =

8
>><

>>:

128� 3

� 3 � 48� 2

� 2 + 1 � 2 [0; �= 4]

f ( �
2 ) � � � 2 [�= 4; �= 2]:

(3.7)

Finally, the direct use of static maps like in Fig. 2.2(b)-(c) allows getting a

simpler and straightforward control development, at the expenses of higher memory

allocation and even computational burden required for the interpolation within the

LUTs. Nevertheless, they seem to be the most popular for PTC applications, as

they provide accurate parameter information with a simple predictive stage [27,108,

110,111,120,121], allowing to improve the predictive algorithm in other aspects such
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Figure 3.13: Cost function objectives in FCS-MPC for torque control in SRM

as the cost function. This can potentially lead to the optimization of the required

memory space and a good performance [133].

Calculation of actuation variable

Once the torque sharing and prediction stages are de�ned, the use of the predicted

variable can lead to the control action either through a calculation process or a cost

function. The �rst alternative has been implemented in deadbeat control through

di�erent approaches.

Both the phase currents and the reference have been mapped into an equivalent

rotating frame, where the virtual-
ux � dq allows operating an algorithm similar to

AC drives, even with the space vector modulation stage [76]. The virtual-
ux have

been also implemented in the natural frame, as it can be represented by the sim-

ple discretized voltage equation in (3.4), and the optimal reference voltage can be

calculated and applied through a modulator [27,108{111].

However, unlike PCC, table 3.2 evidences preferences for using a cost function,

as torque control requires the regulation of variables of di�erent nature, being these

currents, 
ux and torque. Fig. 3.13 summarizes the di�erent designs of cost function
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considered in the literature to determine the actuating variable. As expected, the pri-

mary objective tends to be either the minimization of torque error [114,116{121,124]

or its equivalent in the virtual-
ux domain [122, 123]. Secondary objectives in-

clude the phase current limitation as a safety measure and to reduce conduction

losses [114, 116, 118, 119, 121, 124]. The reduction on switching losses is also consid-

ered by limiting the number of switching transitions � u [114,116,118,119]. However,

the dynamics of a cost function is heavily impacted by the selection of secondary

objectives. Therefore, the inclusion of a� factors as a weight is common in MPC ap-

plications. To simplify the tuning process of these factors, an adaptive time-varying

cost function has been proposed [134], which guarantees robustness and high perfor-

mance, but increases the computational load.

Another common practice in MPC is to add safety penalization. On top of the

reduction of the phase currents, another term is usually added to the cost function.

This term only has an associated weight ifi (k) > I max , and the assigned weight makes

the cost function tend to in�nity, thus avoiding that particular solution [119].

A novel approach have considered the use of virtual states. The idea is to evaluate

the cost function with virtual switching states that provide terminal voltages in be-

tween Vdc and zero. These states can be synthetized later by a modulation state and

the volts-second approach, just like in conventional space vector modulation [124].

This not only allows obtaining a better dynamic response having more voltage states

but also �xes the switching frequency. The drawback of this technique is the inherent

increase in the switching frequency.
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Switching behaviour

The use of deadbeat of generalized predictive control use a modulator with a �xed

switching frequency, which results in a better loss distribution among the switches.

This has been considered for SRM drives using both duty cycle calculations [27,108{

111] and conventional space vector modulation [112,124].

On the other hand, FCS-MPC eliminates the modulation stage raises some prob-

lems related to loss distribution and thermal management of the semiconductor de-

vices as a trade-o� for simplifying the control development and improving the dy-

namic response [114{123]. Other applications have pointed solutions for this problem

such as the use of modulated model predictive control (MMPC) [135, 136] or MPC-

PWM [137]. A control with a variable switching frequency results in a non-uniform

switching loss distribution among the switches, thus making the thermal manage-

ment of the switches more challenging. The objective becomes then the reduction of

the maximum and average switching frequency. There have been several approaches

to alleviate this issue. The simplest solution is the increase of the sampling period,

which reduces the switching frequency, and therefore the related losses [138]; however,

this requires a more accurate predictive model if the same performance is expected.

An alternative solution includes a term in the objective function to limit the changes

in the state of power switches in a prediction horizon [114, 116, 119]. Although the

latest has been widely adopted in MPC, other alternatives include the restriction

of the next switching states based on the previous ones [139], the prediction of the

switching losses to be included in the optimization problem [140], and the inclusion

of advanced variables like the frequency domain representation of the output wave-

form [141]. Most of these techniques compromise the memory usage, computational

54



Ph.D. Thesis - Diego Fernando Valencia Garcia McMaster - Electrical Engineering

time or dynamics of the control strategy. The use of virtual �lters with low computa-

tional burden into the cost function has also been evaluated [142]. More recently, the

attempt of getting the dynamics of FCS with a �xed switching frequency appeared

with the use of virtual voltages, in which an optimum voltagevvv < v dc is applied

to the converter by shopping the terminal voltage during the same sampling period,

just like the volts-second strategy in SVM [124,143].

3.2.4 Performance comparison and challenges of PTC

Fig. 3.14 presents an estimated comparison between the di�erent predictive control

techniques based on the results presented in the literature and the references in Ta-

ble 3.2. In terms of dynamic response, DBPC is the fastest one, with the minimum

steady-state error even though it does not have an integration stage as MPC, but the

method itself provides a one-step elimination of tracking error. However, this feature

compromises its robustness, making it more sensitive to noise measurements and pa-

rameter mismatches. Although all predictive-based techniques are sensitive to such

variations, DBPC has been reported to have major e�ects from it, being equivalent

to an FCS-MPC with one-step predictive horizon (Np = 1) or a multi-step prediction

without penalization on the control e�ort [144]. GPC has lower computational time

as most of the optimization is performed o�ine [56, 113]. On the other hand, FCS-

MPC has demonstrated a better disturbance rejection capability [116] and improved

robustness against parameter uncertainties. With the proper penalization on the con-

trol e�ort, ripples and harmonics can be also minimized using this technique [144]. In

terms of computational burden, MPC o�ers a trade-o� increasing its complexity ex-

ponentially when the predictive horizon (and so robustness and closed-loop stability)
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Figure 3.14: Estimated comparison between predictive control features in terms of
performance and computational requirements

is increased. In addition, being the use of static maps a preferred option in SRMs, the

use of FCS-MPC calls for an increased memory allocation of lookup tables, required

to evaluate the model within all possible switching states, thus increasing the com-

putation time as a function of the number of phases. The popularity of FCS-MPC

for torque control has risen, initially, due to the simplicity in the CFHOC problem

formulation, the robustness of the technique, and the possibility to reduce its com-

putational burden by limiting the search space [145], or by including an equivalence

to a reference voltage vector [24].
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3.3 Other Predictive Control Objectives

3.3.1 Predictive speed control

Additional to current and torque control, predictive speed control has been targeted

for SRM, which �nds GPC as the most suitable technique, given the low time con-

stant and relative simplicity of mechanical systems [146{148]. This approach has

been improved by considering the nonlinear variations in the model and including

dynamic coe�cients within a discrete transfer function, later embedded in a commer-

cial DSP [149]. Other applications include the use in lower power SRM for use in

smart buildings [150] or the use on SRGs [151]. It is also extended to position control

in the machine [152,153].

3.3.2 Overload control

Beyond the rated values, every drive is able to deliver a peak power for a limited

time without risking its integrity. Overload control has applied a predictive model to

determine the most e�cient limitation for the transient and steady state torque refer-

ence. This can be conveniently operated with a DBPC approach, thus guaranteeing

maximum e�ciency, even in such extreme operating conditions [154,155].

3.4 Trends and Opportunities

This section presents an analysis on the trends and opportunities of MPC for SRM

and their potential applications based on the existing work already reviewed.

There exist also an important number of applications that has not been considered
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yet, but which can potentially boost the use of switched reluctance machines as well

as improve several innovative applications. A more comprehensive description of this

vision of future applications is presented in the next Chapter.

3.4.1 SRM topologies and power rating

The three-phase 12=8 machine adopted for this work has been the most common used

SRM topology for low-power applications [9]. In this way, predictive control has been

limited to low-power, low-voltage systems, with only a few cases evaluating high-

power machines in simulation conditions. To date, the maximum reported power has

been 35 kW for current control [75] and 15 kW for PTC [76,122]. However, there is

still potential for predictive control in higher-power machines (> 50 kW) [156], which

tend to be designed with a higher pole con�guration, such as the 60 kW 24=16 in [101],

designed for hybrid vehicles. The increase in the dc-link voltage is also trending in

power converters, thus making more attractive the use of SRM, given it enhanced dc-

voltage utilization, especially at high-speed [1]. However, the control in the high-speed

region becomes more challenging; therefore, the use of predictive control to handle

both, high-speed and optimal dc-link voltage utilization is a challenge. Moreover,

only conventional SRMs have been analyzed so far, leaving other topologies such

as mutually coupled SRM (MCSRM), Segmental rotor SRM or double stator SRM

(DSSRM) still open for further research opportunities for predictive control.

Technologies, challenges and potential applications of SRM drives have been al-

ready analyzed [157,158], but the use of new predictive control techniques can accel-

erate its commercial attractive.
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3.4.2 Applications in electri�ed powertrains

Although SRMs fail to deliver a smooth torque and low NVH levels, its potential

to operate in post-fault and high-speed conditions as well as with a high dc-link

utilization are far beyond conventional AC drives, making them suitable for electri�ed

powertrains [1]. An uni�ed controller able to handle these diverse operating conditions

is a challenge that �ts predictive control features.

SRMs are ideal candidates for post-fault operation because their phases are in-

dependently controlled and the torque depends on the contribution of each of them;

therefore, the machine can easily operate, with a reduced torque, in case of phase

disconnections. This feature is important for electri�ed vehicles, especially since they

are related to safety issues [159]. Besides, the non-active phases can be exploited for

other functions such as sensorless control, thus improving the drive robustness. This

variety of operations and structural di�erences would require several modi�cations in

the control strategy, which can be simpli�ed with predictive control and strategically

designed cost functions.

Another integration factor with electri�ed vehicles is the possibility to empower

the particular topology of SRM and operate it also as an on-board battery charger

[160]. This would require a especial con�guration and controller, which can be man-

aged by predictive techniques. This area has been already explored in SRM, with

particular applications of MPC [85].

3.4.3 Power electronics and converter topologies

The trend in automotive sector is going towards 800 V dc-link [161]. This represents

a challenge in SRM control given the low inductance at unaligned rotor position.
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This phenomenon is discussed in detail in the part I of this surveyfundamentals and

current control. The use of multi-level converters as proposed in [162] is an alternative

to alleviate this condition. Given the enhanced complexity in control that multi-level

topologies would mean, predictive control techniques will be highly suitable to handle

this task. Besides, increasing the switching frequency might be possible with the new

generation of wide band-gap devices such as gallium nitride (GaN) or silicon carbide

(SiC) [163], which represents a boost for the application of predictive control.

3.4.4 Control strategies

Despite the advances in predictive control for power electronics and drives, it is still

the beginning for its application in SRM drives. Multiple strategies have been al-

ready implemented in conventional drives to guarantee predictive control optimal

performance under a wide operating range with high robustness and reduced com-

putational burden [164]. It is also a promising controller for new-coming complex

drives [165]. Based on the literature presented in this work, the �rst steps in improv-

ing the applications in SRMs is to identify accurate models to improve the accuracy

and properly design cost functions and weight factors. A totally di�erent alternative

has been the elimination of both of them, with model-free predictive control [54] and

the elimination of weight factors with nested predictive control [53].

3.5 Summary

Predictive control has recently been of interest for researchers due to their enhanced

performance for controlling power electronics and AC drives, especially improving the
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dynamic response. Predictive control has also shown the ability to handle nonlinear-

ities and multiple objectives of systems with high complexity. These characteristics

make predictive control strategies suitable for switched reluctance machine drives,

given their highly nonlinear behaviour.

The �rst part of this two-part survey presented the fundamentals of predictive

control, its classi�cation, the nonlinear model of the SRM drives and their predictive

current control strategies in the literature. These strategies were classi�ed accord-

ing to the particular technique, the modelling approach, switching behaviour and

calculation of the optimal input.

The use of Fourier approximation and discrete equations with static maps are

the most used modelling techniques. The �rst ones compromise accuracy and in-

crease o�ine computational e�ort, while the second option increases memory usage.

Also, although the use of cost function adds 
exibility to the control task, the direct

computation of the deadbeat predictive control is a commonly adopted technique for

current control given the �xed switching frequency, simplicity and proper tracking.

Its performance also o�ers reduced ripple, but it fails in 
exibility for disturbance

rejection and four-quadrant operation, unlike CCS- and FCS-MPC. The review un-

veiled a vast potential for improvement in the high-speed and four-quadrant operation

of PCC, where MPC-based strategies might be more suitable. The performance of

these techniques can also be enhanced by using multilevel converter topologies or

reducing the average terminal voltage in the machine. The application on high-power

SRMs can also be further explored, especially for cutting-edge technologies such as

automotive applications, where the use of the simple magnet-free structure of SRMs

is most attractive.
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Chapter 4

Vision, Challenges and Future

Trends of Predictive Control in

SRM Drives

In Chapter 3, a literature review of how predictive control has been implemented in

SRM drives was presented. The analysis allowed to understand the current trends in

predictive current and torque control as well as emerging applications like overload

(thermal) control and the use of predictive techniques for self-commissioning and

on-board charging applications.

In this Chapter, the analysis goes further, and the di�erent uses of model pre-

dictive control that have not been considered for SRM drives are discussed. In this

way, this Chapter presents a vision on how the use of predictive control can boost

the operation of SRMs and de�nes a road-map of research objectives to do so. The

analysis is founded on the basis of successful applications of MPC in other electrical

drives and how these might improve the performance of the current techniques used
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for SRM. The content is divided as follows: initially, recent developments and ap-

plications of MPC in conventional AC drives are presented. Next, control objectives

of interest for SRMs are presented, as well as a brief explanation and review of the

current techniques to handle them. Besides, some applications of predictive control

to solve the same objectives in other systems are mentioned, and the challenges and

bene�ts of adapting them to SRMs are discussed. Finally, a vision on how di�erent

applications of interest for high-performance MPC-driven SRMs are presented.

4.1 Recent developments of MPC

The design process of an MPC algorithm considers its performance in terms of the

predictive model, cost function, prediction horizon and frequency characteristics to

guarantee stability with the lowest memory use and computational load [166]. The

predictive model dictates the accuracy of the control action, which would allow a

reduction on the sampling. It must consider both the precision of the model and the

discretization procedure, as it is implemented in a digital platform. SRMs electro-

magnetic modelling is a well-studied �eld, and options for an accurate estimation are

available. A comprehensive review of electromagnetic models is presented in [167].

In terms of discretization, the most common approach is the forward Euler approx-

imation due to its simplicity and good performance. A more complex but accurate

option considers Taylor approximation instead [168]. Other techniques involve more

accurate results but require extensive or multi-step computations [169]. Recent trends

have also considered model-free predictive control [170], which has been applied to

SynRMs for current control [54], guaranteeing high-performance without concerns on

parameter mismatch or nonlinearities.
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The cost function de�nes the behaviour of the control action. Their main feature

is the ability to handle multiple variables from di�erent units and magnitude, thus

improving the 
exibility. However, depending on the impact on the system perfor-

mance, a weight on these variables is required. The process to calculate these factors

is usually based on heuristic techniques [166], thus increasing the development time

and e�ort, plus the additional simulation and testing. Alternatives for tuning have

been explored as multi-objective optimization of multiple cost functions with prior-

ity coe�cients, or cascaded (or sequential) cost functions [171]. The latest presents

promising performance with reduced computational burden and simple development

time, omitting the use of weight factors or priority coe�cients. An alternative is the

simpli�cation of the cost function by analytically calculating an equivalent reference

voltage vector [24,172] or a group of virtual voltages [173].

The switching frequency can be �xed using CCS-MPC, but recent alternatives

have also evaluated the use of modulated model predictive control (MMPC) [174],

which adds a modulation stage to the output of the FCS-MPC. An alternative has

been the adaptation of vector control for AC drives within the predictive control [175],

also considered for SRMs with a deadbeat approach [176]. The output frequency can

be also limited by increasing the prediction horizon, but it usually involves a much

higher computational load. This has been recently addressed by techniques such as

the sphere decoding algorithm [177], and successfully implemented for AC drives for

a horizon up to four steps ahead [38]. Other advanced techniques include the use of

higher computational power to increase the prediction horizon with simpler strategies,

as the case of using cloud robotics [178].

Finally, as any control technique, MPC must be able to guarantee robustness and
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stability. Recent works have proposed a Lyapunov-based MPC on both CCS and FCS

that proves stability for a given cost function and any prediction horizon applied to

power converters and PM drives [98,179].

4.2 Challenges and future trends

The full potential of SRM drives for di�erent operating conditions and applications

have been already discussed and comprehensively analyzed throughout di�erent works

[1, 157, 180, 181]. The main takeaway points converge in their advantage to operate

with a natural �eld-weakening mode due to their high-speed back-EMF, as well as

their fault tolerant and DC-link voltage utilization capabilities. Fig. 4.1 summarizes

some of the main features of SRMs with respect to conventional induction motor

(IM) and permanent magnet synchronous motor (PMSM) drives. The higher the

value presented in the �gure, the better the machine is on that particular objective.

For instance, SRMs get the lowest score in NVH given their high acoustic noise and

vibrations. Unlike the comparison presented in [1], this paper separates the e�ciency

according to the speed range, as evaluated in [2]. Therefore, although SRMs cannot

compete in performance at low speed, their outstanding high-speed e�ciency give

them bene�ts in this region, and their capability to go beyond ultrahigh speed limits

enhances its �eld weakening score.

Current SRM technology cannot replace IM and PMSM for industrial and auto-

motive applications, respectively. However, if their main drawbacks are regulated up

to the minimum requirements of certain applications, it is possible to enhance their

comparative advantages and de�ne a potential cluster of interest. In fact, most of the

targets for SRM designs and prototypes, as well as existing commercial applications,
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Figure 4.1: Comparison based on reported SRM performance [1,2]

aim for medium- and high-speed. Fig. 4.2 shows a comparison of IMs and PMSMs

targets [182], as well as the maximum power and speed capabilities of SRMs in the

literature, both in design and tested prototype stages [183]. It is noticeable how SRMs

are complementary to other drives and thus should not be targeted to replace them

but to enhance their operative range [184{193].

However, at medium- and high-speed, the control becomes more challenging as

nonlinear e�ects such as iron losses gain more relevance. Rotor position sensing be-

comes also a problem, which adds-on the already existing nonlinear characteristics

of SRMs. It is clear that real physical phenomena contain nonlinearities, and as-

suming linear control objectives for high-performance systems nowadays is outdated.

In addition, an uni�ed control strategy is required for SRMs simultaneously accom-

plish a minimum performance while it can exceptionally cover certain objectives for

particular applications.
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Figure 4.2: Target power levels and designs of SRM drives with respect to conventional
AC drives

Therefore, MPC is a relevant response to these nonlinearities and 
exibility re-

quirements. It has been already considered for some applications in SRMs, as sum-

marized in Chapter 3. However, this �eld can be still considered to be at an early

stage, as several relevant control objective have not been considered while they have

been fully addressed in conventional drives. The conventional techniques and the

current challenges are discussed in this section, as well as a brief explanation on how

MPC have handled each objective in other systems.

4.2.1 Current and torque

The idea of torque and current control as the fundamental control strategies in SRMs

have been addressed in Chapter 3. The implementation of highly innovative MPC
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strategies can enhance the basic machine operation. The focus should be not only

to improve tracking but also to release some processor memory and computational

burden to allocate additional control objectives.

In current control, the use of virtual-
ux brings several advantages in terms of

local linearization of the predictive model [86]. This concept has not been fully

exploited, as it improves systems robustness by simplifying the general formulation

of the control problem [194]. At the same time, the concept of stability of the current

loop using predictive technique has not been considered, yet important for positioning

the machine. In addition, the use of long prediction horizon can be helpful to reduce

parameter sensitivity and improve e�ciency [38]. Ultimately, the trend in SRM is

to use the current to shapecertain waveforms that allow minimizing torque ripples

and NVH issues. The control algorithm should be extended to shape these currents

online.

The online torque sharing has been already considered for torque control, devel-

oping high performance strategies based on �nite set predictive control (FCS-MPC)

at low [116] and high-speed [121]. However, the feasibility of these techniques has not

been demonstrated for four-quadrant operation, and there is still room to improve

torque ripple at medium speed to meet the standard in automotive applications of

5% [6]. The main challenge is to develop an accurate model that allows calculating

optimized conduction angles in real-time with low computational burden.

4.2.2 Acoustic noise and vibrations (radial force control)

Torque ripple is relatively easy to analyze and compensate through direct measure-

ment or using static maps. However, a smooth torque waveform does not guarantee
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the elimination of acoustic noise in SRMs. Stator vibration is usually the primary

source of acoustic noise in electric machines. The acoustic noise reduction has been ad-

dressed through design techniques, aiming to develop a mechanical structure that can

mitigate these vibration levels, some of them summarized and analyzed in [195{197].

In contrast, it becomes challenging to include acoustic noise as a control objective as

it is a more complex variable.

Apart from the bearings and ventilation system, the vibrations result from the

interaction between electromagnetic forces. The use of a power converter to feed

a machine leads to applied voltages rich in harmonic components; these harmonics

also appear in the stator currents and produce electromagnetically-excited-vibrations

[198]. This is worse in SRMs due to the trapezoidal shape of phase currents in

conventional controls. Unlike the torque ripple, which is generated by the tangential

components of those forces, the acoustic noise is originated from the radial force

component, which causes deformations in the machine structure In this way, the

control solutions have initially aimed the current shaping to reduce the radial force

ripple [196], with more speci�c attention on the current transient during turn-o�

as the origin of most of the radial force peaks [199] or a closed loop control of the

radial force [200]. However, a smooth radial force waveform might not be su�cient to

eliminate unpleasant noise for human ears. The phase currents produce an equivalent

radial force density waveform per pole, which, decomposed through 2D FFT, produces

temporal and spatial harmonic components. The spatial orders resonate with the

machine stator's vibration modes at a frequency determined by the temporal orders

[201]. The latest frequency depends on the rotor mechanical frequency. Depending

on the mechanical characteristics of the frame, these vibrations can be dissipated

69



Ph.D. Thesis - Diego Fernando Valencia Garcia McMaster - Electrical Engineering

as sound pressure, which is usually used as the base to measure the acoustic noise

through the sound pressure level (SPL) in decibels [198]. Therefore, smoothing the

radial force ripple compensates only for the harmonics a�ecting the spatial order zero,

but it neglects the temporal orders a�ecting higher vibration modes.

The temporal orders of higher circumferential orders have been considered in [3]

within an o�ine optimization, compromising the acoustic noise reduction and the

torque ripple minimization in radial force shaping (RFS) technique. The iterative

process is represented in Fig. 4.3, where the temporal orders are manually discarded,

and inverse FFT allows obtaining a reconstructed radial force static map and a current

pro�le. The control is then reduced to a current tracking problem.

Given the high complexity required to solve the iterative process, it is not easy to

include operating variables within the RFS algorithm. In this case, the adaptation of

such control techniques to a method with an online selection of the optimal switching,

such as MPC, would improve real-time performance. MPC has already been used for

acoustic noise control in induction motor drives, with a technique that takes advantage

of the cost function 
exibility and predictive models to directly in
uence the phase

currents as a function of the SPL [202]. It also considers the reduction in the tonality,

which can decrease the most disturbing temporal orders from the acoustic noise;

however, this is based on an empirical linear model, which might compromise the

accuracy and should be adjusted for di�erent motors.

The challenge is then de�ning a proper predictive model that can be easily ad-

justed to consider the most prominent temporal orders depending on the SRM pole

con�guration. It would allow MPC to con�gure a uni�ed control algorithm with the

ability to decide the optimal trade-o� between e�ciency, torque ripple and acoustic
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Figure 4.3: Radial force shaping for indirect reduction of acoustic noise and torque
ripple in SRMs [3]

noise, depending on the application and operating condition.

4.2.3 High- and ultrahigh-speed operation

The main comparative advantage of SRMs is their capability for reliable and e�cient

operation at high-speed [157]. Currently, electric drives tend to operate at higher

speeds, reducing weight and volume, which bene�ts systems with high power density

requirements such as automotive applications [5].

High-speed control in SRM is a challenging condition as the increased back-EMF

limits the current regulation capability. It limits the possibility of current shaping for
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multi-objective control such as torque ripple and acoustic noise [9]. The control in the

high-speed region is only possible through a single voltage pulse, and the regulation

problem is reduced to calculating the conduction angles. Some approaches have con-

sidered using sinusoidal excitation and vector control, but the required voltage and

switching frequencies are still impractical [203]. Another alternative is the combina-

tion of multiple techniques depending on the operating condition. DITC for current

build-up with constant phase current control and demagnetization as a function of

the electrical position and speed �nds a stable control over a wide speed range [204];

However, the transition between di�erent techniques might compromise stability and

average torque tracking.

MPC has been already implemented for a similar condition in conventional AC

drives, where the �eld weakening operation presents additional challenges. It solves

the issue in IMs, avoiding weight factors with a cascaded MPC strategy and guar-

anteeing stability, but it increases the computational burden [205]. In [24], this is

solved by calculating an equivalent reference voltage vector, thus simplifying the cost

function. It also improved the low-speed control by including LUT-based parameters,

which are updated online and demonstrate its robustness against parameter variation.

There is another operating condition shown in Fig. 4.2 as the ultrahigh-speed,

which is usually de�ned for shaft speeds over the 60000 rpm and is useful for spe-

ci�c applications such as vacuum cleaners [206] and turbochargers [207]. Theoretical

designs for SRM drives have reached up to one million rpm [186], but experimental

evidence of a proper control has been provided for operating speeds up to 150000

rpm [187]. Although this operating region also allows only single-pulse control, the

problem arises from the limitation in the position sensing technology, which does not
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go beyond 60000 rpm. It is usually solved either using multiple Hall-e�ect sensors

or sensorless control [208]. Therefore, an optimal uni�ed control strategy, including

ultrahigh-speed, requires the ability to include sensorless and self-sensing techniques,

which can also be implemented within predictive control algorithms.

4.2.4 Self-sensing and parameter estimation

The use of parameter estimation and sensorless control techniques has become a

focus of research in electric drives to reduce cost, improve performance and guarantee

reliability of the system [180]. Self-sensing techniques in SRM have the advantage of

using the idling phases to inject perturbations and the strong relationship between

the 
ux linkage, current and rotor position [157] The latest is more convenient for

position sensorless control, but it has been exploited for online parameter estimation.

These techniques can be generally classi�ed according to the phase state used, the

requirement of external hardware [209] and even the speed range [210].

Voltage equations and model-based approaches make the estimation techniques

compatible with the principle of MPC. It has already been proposed through some

online estimation [79] where the CCS-MPC continuously updates the inductance and

back-EMF characteristics through an optimization algorithm that guarantees high

performance of the control technique itself. However, this has not been implemented

using FCS-MPC.

The use of FCS with self-sensing techniques is interesting for SRM, given the

advantages that skipping the modulation stage has. Although some of the well-

known self-sensing techniques for conventional AC drives are not compatible with

modulator-free controls such as FCS-MPC, it has been proven the feasibility of new
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estimation algorithms for such control methods. For instance, position estimation in

IPM drives could be computed from the current ripple, inherent to FCS-MPC [211].

A similar approach has also been considered for an optimization algorithm with a

co-estimation of speed and position [212]. The algorithm has been extended even

to multi-parameter estimation avoiding the use of high-frequency current injection

[213]. These techniques result not only in a reliable estimation but also on a high-

performance predictive control as the model-based algorithm counts with a real-time

update of the parameter information while guaranteeing a constrained computational

burden [214].

The next generation of SRM controllers must contain such estimation algorithms

as a uni�ed MPC technique that guarantees reliable, robust, and e�cient operation.

Although the current ripple in SRM does not directly provide position information, it

can estimate it through the voltage equation and a standard optimization algorithm.

Similar estimation approaches consider simpli�ed convex spaces such as in [215] that

can be adapted either to CCS or FCS MPC on SRM. The challenge in multiple esti-

mations is to overcome the highly nonlinear inductance, which depends on the rotor

position, making it di�cult to estimate both. An extra challenge appears at high and

ultra-high-speed since there are no more idling phases, and the simultaneous activa-

tion of phases in the single pulse operation modi�es the model, forcing to consider

mutual coupling.

4.2.5 Fault-tolerance

One of the main advantages of SRMs in terms of fault-tolerant operation is their

capability to independently operate their phases. Of course, this would not prevent
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the occurrence of a fault, but it allows the machine to be functional even after a

fault. Their capability to operate at higher speeds makes SRM attractive for high-

speed safety-critical applications [216].

The so-called post-fault operation has been operated by Several methods including

current pro�ling [217], Fuzzy logic control, and position signal assistance have been

implemented. In general, the most common faults in electrical drives are open-circuit

faults [180]. The short-circuit fault usually leads into an open-circuit. However, in

SRMs, the reality might di�er from conventional AC drives. As mentioned in section

4.2.4, position sensor fault is the main threat at high- and ultrahigh-speed operation.

A comprehensive literature review on both fault diagnosis and control algorithms for

SRM drives is provided in [216].

To date, predictive fault tolerant control has not been applied to SRM drives.

However, predictive control is quite popular to handle post-fault control in highly

complex machines. That is the case of multi-phase machines, which provided an

increased number of degrees of freedom, usually represented by an additional subspace

in the rotating frame, implement predictive control to compensate for faults. An

example of implementing FCS-MPC minimizes the total current harmonic content

[218]. In addition, a �xed switching frequency fault tolerant control can be achieved

by integrating the virtual voltage vectors with predictive method [219].

4.2.6 Overload control

Overload control takes advantage of the overloading capabilities of the machine to

produce a short-term peak torque. The control strategy evaluates the magnitude and

time of the overload condition to produce the maximum torque without compromising
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the motor safety. Overload control also allows preventing oversizing during the motor

design process. Although conventional overload limitations were obtained based on

static thermal limits [220], recent works have demonstrated the importance of consid-

ering the transient thermal response for inverter-driven machines [221]. This feature

has been initially explored on induction motors where the time ratings for its oper-

ation are de�ned [222]. However, a controller with good dynamic response to fully

consider the real-time thermal behaviour along with the machine transient response

is required. MPC has been proposed as the solution given the simple adaptation to

the control loop by adopting the appropriate predictive model. The model predicts

the instantaneous operating temperature within the next sampling periods and de-

termines the optimal torque/current reference limitation. It has been considered for

induction [223], PM, DC motors [224], and even SRMs [154].

The application in SRMs gains more relevance because they can withstand ther-

mal stress better than AC machines. It led to predictive control to handle the highly

nonlinear characteristics and predict the winding temperature online, thus limiting

the maximum torque to maintain a de�ned level of copper losses [154]. The iron losses

have not been considered given the little impact they have on the low-speed copper

losses. However, in high-speed operation, iron losses gain relevance, and improve-

ment of such predictive control technique requires their inclusion into the limitation

considerations.
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4.2.7 Topological improvements

Machine topologies

Beyond the control objectives, certain applications could �nd bene�t on di�erent

SRM topologies. Design procedures have come up with several variations in the

structure or operating principle of the machine. The most promising in literature deals

with mutually-coupled SRM (MCSRM) drives, which take advantage of the variable

self- and mutual-inductance with respect to the rotor position to generate torque

[225]. Therefore, MCSRMs are especially designed with a winding distribution that

considerable increases the mutual coupling between phases. Their most attractive

feature is the claimed improvement in terms of acoustics.

Recent approaches have considered the sinusoidal excitation of MCSRMs, which

not only would further reduce its acoustic noise and vibrations but also allows using

well-known vector control [225]. Besides, this enables the machine to operate with

conventional two-level voltage source inverters.

This is a relatively new research trend and, despite the potential applications, a

deep analysis on current shaping for this topology has not been investigated. This has

opened a window for predictive control to optimally evaluate the performance of the

machine. Deadbeat predictive control has been implemented within unipolar current

control for a MCSRM [226]. The potential of the bipolar 2L-VSI-fed machine has

also been evaluated within a FCS-MPC approach with promising results for current

control [227]. The latest research can be further expanded to torque regulation and

all control objectives mentioned in this Chapter.

Other topology alternative include the segmental rotor SRM and double-stator

SRM (DSSRM). The �rst one has presented improvements on the machine torque
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density, while the DSSRM o�ers a better energy conversion ratio, torque production,

and utilization of the machine volume [1]. Both of them show potential to enhance

performance objectives with MPC, depending on the target application.

Power electronics

One drawback in SRM drives is the use of the unconventional asymmetric power

converter, which o�ers 
exibility for the individual phase operation thus allowing

improved fault tolerant control. The use of sinusoidal-excited MCSRM brings the

chance to use conventional two-level voltage source inverters, but it reduces the at-

tractive of the machine for post-fault operation. Other topologies for the SRM drive

include (N + 1)-switch, C-dump, N -switch, split AC and split DC converters. A de-

tailed evaluation of these topologies is presented in [29], bringing up the compromise

they present regarding performance, control complexity and the number of switching

devices.

Furthermore, the use of multilevel converters have also been introduced for SRMs,

given their potential to enhance high-power and high-voltage machine performance

[30, 228]. It is also an alternative to deal with the relative low inductance of the

machine at unaligned position during control. This, along with the upcoming wide

bandgap (WBG) technology, represents an overall improvement in robustness, con-

trollability, and reduction of cost and volume of these drives [6,163].

4.3 Vision and Potential Applications

Previous section stated the main challenges regarding SRM control objective and how

MPC has the potential to overcome them. Therefore, a high-performance SRM with
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Figure 4.4: Potential usage of SRM control objectives for practical applications

an uni�ed algorithm for simultaneous optimal control can make these machines suit-

able for di�erent applications. These are primarily applications with high potential

for SRM usage which has seen a limited or nonexistent practical scenarios due to the

limitations previously discussed.

Beyond current and torque control, which are common for all applications, Fig. 4.4

illustrates the impact of the described control objectives into some highly appealing

applications for SRMs. The �rst and most important thing to notice is the fact that all

require more than one control objective to guarantee high-performance of the electric

drive. It also allows noticing how diverse applications might di�er in priorities. This

allows proposing a vision of how these applications can not only adopt SRMs are

main electric machine but also be enhanced by their use among MPC.

Beyond home appliances, where low-power high-speed with reduced NVH levels
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is required [181, 195], automotive applications require more diversity of control ob-

jectives. However, these applications can also be subdivided. In the case of light

duty vehicles, although there exist SRMs which is able to reproduce the behaviour

of automotive IPMSMs in dimensions and torque-speed envelope [184,229], the con-

trol technique can still be improved to o�er a high-performance outcome. Important

trends in automotive applications lead to new challenges such as the integration with

other vehicle systems, more traction motors per powertrain, higher power, and higher

voltage [6,230] as well as integrated battery chargers. The latest utilizes the machine's

winding as a �lter and the inverter as a bidirectional converter to connect the EV

battery to the grid [231]. It has been considered in [85], where a FCS-MPC for cur-

rent tracking is proposed for SRM-based integrated charging. Further developments

in dual-functionality MPC-based controllers are still proposed for future works.

Alternatively, hybrid heavy-duty harsh vehicles have already implemented SRMs

as the noise, torque ripples and vibrations do not represent a signi�cant restriction.

Instead, e�ciency, robustness and overload capability dictate the best performance

for applications like earth-moving vehicles [232]. As these vehicles use an engine to

generate electricity for the motors, an uni�ed control might also increase the robust-

ness of the generator-motor SRM drives as a whole, thus improving e�ciency and

fuel consumption.

Research and industry trends are also pushing aerospace technology towards the

more-electric era. Commercial 
ights tend to use more electric aircraft (MEA) tech-

nology, which attempts to replace mechanical, hydraulic and pneumatic systems for

electrical ones as much as possible [233]. The more electri�ed system needs then
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additional generating capabilities and, therefore reliable starter/generators. This ap-

plication has seen SRMs as a potential solution for the rough conditions the high

temperature and pressure levels of commercial and military 
ights [197], thus o�ering

enhanced robustness and fault-tolerant capability. Alternatively, SRMs have been

considered as part of electromechanical actuators replacing hydraulic systems such as

fuel pumps, surface actuators for 
ight control, and 
ap and rudder actuators [157].

4.4 Summary

Considering the di�erent control objectives and limitations of SRM drives, and the

potential to overcome these issues with the latest advances in predictive control, the

future market attractive of SRM is promising. The main drawbacks of this machine

can be overcome if the machine non-linear behaviour is handled. This behaviour

limits the use of prede�ned control laws, leaving the room for using algorithms that

can determine the optimal law online. Model predictive control has proven its ca-

pability to be a high-performance and reliable multi-objective control technique in

several machine drives and power electronics systems. The main challenge is then the

de�nition of accurate predictive models according to the control needs. Additional

concerns such as parameter sensitivity, stability, multi-objective optimization and so

on, have already been addressed in the literature of predictive control.

The room is then open for the innovation through the implementation of existing

high-performance predictive techniques to the most challenging control objectives of

SRM. The main takeaway point from this Chapter is then a road-map for future

projects, studies, applications, and analysis to be done with respect to the imple-

mentation of MPC on SRM. Torque ripple, overcurrents, acoustic noise, high speed

81



Ph.D. Thesis - Diego Fernando Valencia Garcia McMaster - Electrical Engineering

control and position estimation, fault tolerance are only few among several objec-

tives that would position SRM between the candidate machines for high performance

applications. Although these applications might compromise the simplicity of the

control technique, upcoming technologies demand higher performance from electrical

drives, and the migration to higher computational power is a fact.
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Chapter 5

Experimental Setup

Implementation

In this Section, the design and implementation of the experimental setup used in

this thesis is detailed. The switched reluctance machine and asymmetric converter

characteristics are described, and the selection process for the correspondent load-

ing machine is presented. Furthermore, the 
ux linkage and torque characteristics

are identi�ed experimentally based on current injection and the co-energy method,

respectively.

5.1 SRM Drive components

The test bench was designed based on the available 5.5 kW, 72 V, 12/8 three-phase

SRM in Fig. 5.1(a). The machine has a base speed of 5000 rpm with 81.7 A rated

phase current. The power converter in Fig. 5.1(b) is also available for use, which is

a four-phase asymmetric converter designed for high-power SRM applications [234].
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Figure 5.1: Experimental Setup (a) switched reluctance machine and IPM dyno for
speed control (b) Asymmetric converter

The converter has IGBT-based switching devices rated at 1200 V and 400 A. The

converter is driven by a DSP TI28335, with 1.5 MHz of processing capability. The

existing current transducers are rated for 300 A, and three turns are considered for

the phases to reduce noise sensitivity.

The SRM is controlled to track a torque reference while a constant speed is pro-

vided by a prime mover. This emulates the operation of electric drives in electri�ed

vehicles, where the high-level vehicle controller regulates the speed and sets the torque

reference. The dynamometer that maintains the speed is selected based on the max-

imum torque and voltage level requirements, detailed in the next section.

5.2 Dynamometer selection

The selection of the dynamometer depends on the torque-speed characteristics of

the available SRM. Considering the base speed of 5000 rpm, the 5.5 kW SRM has a

theoretical rated torque of 10.5 N.m. The machine should be able to provide a slightly
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higher torque than the motor under testing in order to hold the commanded speed.

An alternative is the use of a dynamometer with di�erent ratings, which should be

coupled through a belt-pulley system. This, however, would involve higher costs and

increase the assembling time.

The operating voltage should be considered too. The dynamometer can be chosen

with a di�erent rated voltage from the SRM, but it would require the use of an addi-

tional power supply during testing. Moreover, the selected dynamometer will operate

in generating mode, requiring either a bi-directional power supply or a resistance

bank to dissipate the generated power. An alternative is to choose a machine with

the same 72 V rated voltage and connect both drives to the same dc-link. The con-

nection allows operating in back-to-back mode, thus requiring a power supply only for

starting and to feed the system losses. The last scenario represents the most e�cient

option, and it is, therefore, the chosen one.

Fig. 5.1(a) shows the selected dyno machine mechanically coupled to the SRM.

It is a 13 kW interior permanent magnet machine with the characteristics shown

in Table 5.1. It has an operating voltage in the range of 48 to 100 Vdc, thus being

suitable for the current application. Due to the intended limitation of 72 V operation,

the output power is restricted to 7.5 kW. It is acquired as a part of a drive system

which includes a 15 kW inverter with a six-switch MOSFET bridge and a prede�ned

speed control loop based on a 15 kHz PWM strategy.

The mechanical supports for both the SRM and dynamometer are designed and

custom-manufactured. Both machines are suspended by face-plates allowing direct

coupling as shown in Fig. 5.2. The �nal assembled setup is shown in Fig. 5.1(a).
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Table 5.1: Comparison of machine characteristics

Rated values Power
(kW)

Voltage
(V)

Current
(A)

Speed
(rpm)

Number
of phases

Stator and
rotor poles

SRM 5:5 72 81.7 5000 3 12=8

Converter 60 up to 800 400 n/a 4 n/a

IPM Dyno 7 :5 72 116 6000 3 n/a

Inverter 15 72 210 n/a 4 n/a

Figure 5.2: Design of the face plates for the motor and load IPM

5.3 SRM Characterization

5.3.1 Flux linkage characteristics

Once the system is assembled, and the SRM current and position sensors are prop-

erly calibrated, it is important to determine the SRM parameters, as no manufacture

details of FEA model are provided. As described in Section 2, the 
ux linkage char-

acteristic in an SRM is a function of both the electrical angle and the current. The

complexity involving the dependence on two variables can be simpli�ed by assuming
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a �xed rotor position; therefore, the 
ux linkage can be computed from the voltage

equation in (2.2a) as,

� (i; � ) =
Z t

0
[v(t) � Ri (t)] dt

�
�
�
�
� = const

; (5.1)

wherev, i , � , and R are the the phase voltage, current, 
ux linkage and resistance,

respectively.

At a �xed angle, a single voltage step can be applied to build up the phase current

up to its rated value. Considering the di�erent phase inductance per electrical angle,

the time-span required for the applied voltage to reach the desired current will vary.

Once the voltage and current transients are obtained, (5.1) can compute the 
ux

linkage. The same procedure is repeated at each electrical position. There exists

other approaches for the characterization and self-commissioning of SRM drives, but

these are out of the scope of this thesis.

The characterization process described above has an additional degree of complex-

ity, as the injected current results in an electromagnetic torque that tried to move

the motor shaft. This makes the task of �xing the electrical angle more challenging,

specially for values around 90°-electrical where the torque is maximum. In fact, even

at the aligned position (180°), the current might cause an oscillation, thus reducing

the accuracy of the measurements.

To solve this issue, the shaft should be coupled to a sti� load which can handle

� 10N.m rated torque of the SRM. Fig. 5.3(a) shows a rotary plate with a lathe

chunk that allows keeping the rotor static. Fig. 5.3 illustrates the coupling to the

SRM shaft.

The rotary table is initially adjusted at 0° with respect to the phaseA. Using a
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Figure 5.3: (a) Rotary table to �x and change the shaft position of the SRM during
machine characterization (b) Rotary table coupled to SRM shaft - 1 controls the
rotation of the load, while 2 rotates the shaft for the position variation

power supply with current regulation, a 72 V (rated voltage) pulse is used to inject

up to the rated current (82 A). Although the machine is rated at 81.7 A as its rms

value, the maximum value is can reach might be around 180 A peak. However, due

limitation in the supply and wiring, the characterization is performed up to 82 A

only. Next, the transient response is saved using the oscilloscope to be processed

o�ine. The shaft is then rotated in steps of 2°-electrical, and the process is repeated

up to 358°-electrical. It is worth noticing that an angle span of 180° is enough to fully

characterize the 
ux linkage pro�le, given the symmetry of the plot, as shown in Fig.

2.2 in Section 2, but it is done considering the 360° for veri�cation purposes.

The phase 
ux linkage is calculated from the voltage equation in (5.1).Rph is

obtained from the same test by Ohm's law and using the applied voltage and phase

current at steady-state. This results in an average resistance of 8:26 m
. The results

for the 
ux linkage in the phase A as a function of the current are shown in Fig.
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Figure 5.4: (a) Experimental 
ux linkage curves for phase A (b) Inaccuracies in 
ux
caused by shaft oscillation (c) Curve �tting to obtain 
uk LUT

5.4(a)-(c). Although the test was performed for an electrical angle step of 2°, results

in Fig. 5.4 show 20° to facilitate its visualization.

It is worth noticing that the curve presents inaccuracies caused by the oscillations

in voltage and current. These inaccuracies are zoomed in the Fig. 5.4(b). In practice,

it was found that the applied voltage causes an oscillation in the SRM shaft at any

�xed position. It is also due to the transient response of the current itself. This error

still does not present an overshoot greater than 1°-electrical (0:25°-mechanical), which

is accurate enough for characterization purposes. However, the occurrence of several


ux points at the same current makes impossible to store the results in Fig. 5.4)(a)

as a lookup table; therefore, a curve �tting and polynomial approximation is applied

to store the average of these curves. The approximation is used as a linear �tting the


ux curves at each rotor position. Fig. 5.4(c) shows the results of this curve �tting.

The 
ux linkage static map as a function of the phase current and electrical

angle is then depicted in Fig. 5.5 and stored as a look-up table to be used in the
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Figure 5.5: Experimental 
ux linkage characteristic of the 12/8 SRM

simulation and experimental stages of this thesis. This allows computing the torque

characteristics from o�ine computations.

5.3.2 Inductance pro�le

From the 
ux linkage characteristics, it is possible to compute the phase inductance

of the machine as depicted in Fig. 5.6. The process follows a simple division between

the obtained 
ux and each current for a �xed electrical angle. It is worth noticing

that the zero current is not de�ned, and therefore assumed to be constant and equal

to the �rst current value.

It is important to highlight, from the results in Fig. 5.6, that the testing machine

has an exceptionally low inductance, even at its maximum value. This makes the

control task more challenging as, for instance, at unaligned position, it might be

lower than 0.1 mH, meaning that the minimal voltage transient causes considerable
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Figure 5.6: Experimental phase inductance characteristics of the 12/8 SRM

current spikes.

5.3.3 Electromagnetic torque

The electromagnetic torque produced by one phase can be represented as:

T =
dWc(i; � )

d�

�
�
�
�
i = const

=
dWe(i; � )

d�

�
�
�
�
� = const

; (5.2)

where Ws =
R�

0 id� is the stored energy in the airgap andWc =
Ri

0 �di is the co-

energy. Therefore, as the 
ux linkage as a function of the current is known, the torque

can be obtained from the co-energy calculation in (5.2). The method is illustrated

considering the curve in Fig. 5.7, where the 
ux linkage as a function of current is

shown for two electrical positions. As the 
ux in 5.5 is a discrete variable instead of
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